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Abstract 

The pressing need for sustainable and eco-friendly energy alternatives has propelled biological hydrogen 

(biohydrogen) production into the spotlight, with cyanobacteria emerging as promising microbial 

candidates due to their ability to perform oxygenic photosynthesis and fix atmospheric carbon dioxide. 

This review critically examines the metabolic pathways in cyanobacteria that are involved in hydrogen 

evolution, with a focus on [NiFe]-hydrogenases and nitrogenases. It highlights the major limitations 

hindering efficient hydrogen production, including oxygen sensitivity, electron flux competition, and 

regulatory bottlenecks. Advances in synthetic biology, metabolic engineering, and systems biology are 

explored as powerful tools for overcoming these challenges. Specific strategies such as knockout of 

competing pathways, redirection of reducing equivalents, promoter engineering, and heterologous 

expression of oxygen-tolerant hydrogenases are discussed in detail. Additionally, the review sheds light 

on integrative approaches using genome-scale modeling and omics data to rationally design optimized 

strains. Process-level improvements, including bioreactor innovations and light management systems, are 

also considered. Overall, this review emphasizes the critical role of multidisciplinary approaches in 

enhancing cyanobacterial biohydrogen yields and lays the groundwork for future developments toward 

industrial-scale biohydrogen production. 

Keywords: Cyanobacteria, Biohydrogen production, Metabolic engineering, Hydrogenase, Nitrogenase, 

Synthetic biology, Systems biology, Oxygen tolerance, Electron transport, Renewable energy. 
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1. INTRODUCTION 

1.1 Significance of Sustainable Energy Sources 

The global energy demand continues to rise rapidly due to industrialization, urbanization, and 

population growth. Fossil fuel-based energy sources, although dominant, are unsustainable and contribute 

significantly to environmental pollution, greenhouse gas emissions, and climate change. As a result, there is an 

urgent need to transition to cleaner, renewable, and sustainable energy alternatives. Hydrogen is increasingly 

recognized as a potential clean energy carrier due to its high energy density and environmentally benign 

combustion, producing only water as a byproduct. However, current methods of hydrogen production rely 

heavily on non-renewable feedstocks and are energy-intensive. This has led to a growing interest in biological 

hydrogen production, or biohydrogen, which leverages microbial systems to generate hydrogen under mild, eco-

friendly conditions [1]. 

1.2 Cyanobacteria as Promising Microbial Cell Factories for Biohydrogen Production 

Among the various biological platforms explored for hydrogen production, cyanobacteria offer a 

unique advantage due to their ability to perform oxygenic photosynthesis. These prokaryotic microorganisms 

can capture solar energy and utilize water as an electron donor, making them highly attractive for sustainable 

biohydrogen production. Cyanobacteria possess both [NiFe]-hydrogenases and nitrogenases, which are key 

enzymes involved in hydrogen evolution. Their capacity for autotrophic growth using sunlight and atmospheric 

CO₂, coupled with relatively simple genetic architecture, renders them ideal candidates for metabolic 

engineering [2]. Furthermore, certain strains can produce hydrogen under both light and dark conditions, 

offering flexible operational modes for industrial application (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Biohydrogen production cycle 

1.3 Scope and Objectives of the Review 

This review aims to provide a comprehensive narrative on the current advances in optimizing 

metabolic pathways in cyanobacteria to enhance biohydrogen production. It focuses on understanding the 

enzymatic mechanisms and physiological constraints that limit hydrogen yield and explores the latest strategies 

in genetic and metabolic engineering to overcome these barriers. The review also discusses innovations in 

synthetic biology, systems biology, and process engineering that support the development of high-performing 

cyanobacterial strains. By integrating insights from molecular biology, biotechnology, and environmental 



TPM Vol. 32, No. S3, 2025         Open Access 

ISSN: 1972-6325 

https://www.tpmap.org/ 

 
 

 
 

1697 
 

 

  

engineering, this article seeks to highlight the potential of cyanobacteria in contributing to the hydrogen 

economy and to outline future directions for research and application [3]. 

 

2. Overview of Biohydrogen Production 

2.1 Types of Biological Hydrogen Production 
Biological hydrogen production refers to the microbial generation of hydrogen gas through various 

metabolic pathways under specific environmental conditions. Three major types of biological hydrogen 

production have been identified: biophotolysis, dark fermentation, and photofermentation. Biophotolysis is a 

light-driven process where photosynthetic organisms, such as green algae and cyanobacteria, split water 

molecules into oxygen and hydrogen using solar energy. This can occur via direct or indirect mechanisms, 

depending on whether the hydrogen is produced directly from water or from intermediates like carbohydrates 

[4]. Dark fermentation, on the other hand, involves anaerobic bacteria that decompose organic substrates such as 

glucose or waste biomass in the absence of light to release hydrogen and volatile fatty acids. Photofermentation 

combines light energy with organic carbon metabolism, typically using purple non-sulfur bacteria that utilize 

organic acids under anaerobic and illuminated conditions to produce hydrogen. Each of these methods has 

unique characteristics and limitations, but biophotolysis stands out for its direct utilization of solar energy and 

water, making it a cleaner and more sustainable approach (Table 1, Figure 2). 

Table 1: Types of Biological Hydrogen Production Pathways 

Production 

Pathway 

Microorganism 

Type 
Mechanism Pros Cons 

Direct 

Biophotolysis 
Cyanobacteria 

Water-splitting via PSII 

& PSI, releasing H₂ 

through hydrogenases 

Renewable, sunlight-

driven 

Inhibited by 

oxygen 

Indirect 

Biophotolysis 
Cyanobacteria 

Sequential carbohydrate 

synthesis and 

fermentation to H₂ 

Allows separation of 

photosynthesis and 

H₂ steps 

Multistep, less 

efficient 

Photofermentation 
Purple non-sulfur 

bacteria 

Conversion of organic 

acids to H₂ via 

nitrogenase 

Utilizes organic 

waste 

Light-dependent, 

oxygen-sensitive 

enzymes 

Dark Fermentation 
Anaerobic 

bacteria 

Fermentation of sugars 

without light 

Independent of light, 

fast rate 

Produces low H₂ 

yield and CO₂ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Biological Hydrogen Production 

2.2 Advantages of Cyanobacteria over Other Microbial Systems 
Cyanobacteria present several compelling advantages over other microbial systems for biohydrogen 

production. Unlike fermentative or photofermentative bacteria that rely on organic substrates, cyanobacteria are 

photoautotrophs that harness sunlight and fix atmospheric carbon dioxide, reducing dependency on external 
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organic feedstocks. Moreover, they perform oxygenic photosynthesis, which allows them to split water as an 

electron donor, generating both oxygen and hydrogen - a feature not shared by other microbial groups. The 

presence of both [NiFe]-hydrogenases and nitrogenases enables them to produce hydrogen under varied 

environmental conditions, including both light and dark phases. Their relatively simple genomes, natural 

competence for genetic transformation, and availability of well-characterized model strains (e.g., Synechocystis 

sp. PCC 6803, Anabaena sp. PCC 7120) make cyanobacteria attractive targets for metabolic and synthetic 

biology interventions [5]. Additionally, their potential for large-scale cultivation in open ponds or 

photobioreactors using minimal nutrients further strengthens their role as sustainable microbial platforms for 

hydrogen generation. 

 

3. Hydrogen Metabolism in Cyanobacteria 

3.1 Enzymes Involved in Hydrogen Production 
Cyanobacterial hydrogen metabolism is primarily governed by two types of key enzymes: 

hydrogenases and nitrogenases. Among hydrogenases, the most prevalent in cyanobacteria are [NiFe]-

hydrogenases, which catalyze the reversible oxidation of molecular hydrogen (H₂ ⇌ 2H⁺ + 2e⁻). These enzymes 

play a central role in hydrogen uptake and, to a lesser extent, in hydrogen evolution, although their activity is 

often limited by their extreme sensitivity to oxygen. In contrast, [FeFe]-hydrogenases, known for their high 

hydrogen evolution activity, are generally absent in cyanobacteria, although they are prominent in green algae 

and some anaerobic bacteria [6]. 

Another important enzyme is nitrogenase, which is mainly responsible for the reduction of atmospheric 

nitrogen (N₂) to ammonia (NH₃) in diazotrophic cyanobacteria. During this process, hydrogen is produced as a 

byproduct. Nitrogenase-mediated hydrogen production is highly significant in filamentous cyanobacteria such 

as Anabaena and Nostoc, where specialized cells called heterocysts provide a low-oxygen environment 

conducive to nitrogenase function. Although energetically expensive due to high ATP requirements, nitrogenase 

remains one of the most robust contributors to hydrogen generation in cyanobacteria under nitrogen-limiting 

conditions [7]. 

3.2 Hydrogen Production Pathways 
Cyanobacteria utilize multiple pathways to produce hydrogen, including direct biophotolysis, indirect 

biophotolysis, and dark fermentative metabolism. In direct biophotolysis, solar energy drives the photosynthetic 

water-splitting reaction in Photosystem II (PSII), generating electrons, protons, and oxygen. Electrons are 

transferred through the photosynthetic electron transport chain to ferredoxin, which donates them to 

hydrogenase for the reduction of protons to hydrogen gas. However, this pathway is significantly constrained by 

the oxygen sensitivity of hydrogenase enzymes, as oxygen evolved during water splitting inhibits hydrogenase 

activity [8]. 

Indirect biophotolysis overcomes this limitation by temporally separating oxygen and hydrogen 

production. In this pathway, carbohydrates generated during photosynthesis are stored and later degraded under 

anaerobic conditions, releasing electrons for hydrogen production via hydrogenase or nitrogenase, independent 

of concurrent oxygen evolution. 

Additionally, some cyanobacteria can perform dark fermentative hydrogen production. Under 

anaerobic and dark conditions, these organisms metabolize intracellular glycogen reserves via glycolysis and 

fermentation, producing hydrogen and organic acids such as acetate, formate, or ethanol [9]. This pathway, 

although less efficient, provides an alternative hydrogen source in the absence of light, broadening the 

operational versatility of cyanobacteria (Table 2). 

Table 2: Key Enzymes Involved in Cyanobacterial Hydrogen Metabolism 

Enzyme 
Metal 

Center 
Function 

Oxygen 

Sensitivity 
Associated Pathway 

[NiFe]-

Hydrogenase 
Ni, Fe 

Catalyzes reversible 

oxidation of H₂ 
High 

Direct/Indirect 

Biophotolysis 

[FeFe]-

Hydrogenase 
Fe High H₂ evolution activity Very High Rare in cyanobacteria 

Nitrogenase Mo, Fe 
Produces H₂ as byproduct of 

N₂ fixation 
Very High 

Photofermentation, 

heterocysts 

 

4. Bottlenecks in Cyanobacterial Hydrogen Production 

4.1 Oxygen Sensitivity of Hydrogenase and Nitrogenase 
One of the most critical challenges in cyanobacterial hydrogen production is the extreme oxygen 

sensitivity of the key enzymes involved [NiFe]-hydrogenase and nitrogenase. Since cyanobacteria perform 

oxygenic photosynthesis, molecular oxygen is produced as a byproduct of water splitting in Photosystem II 
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(PSII). This endogenous oxygen readily inactivates hydrogenase by disrupting its metal cluster active sites and 

similarly impairs nitrogenase, which requires strictly anaerobic conditions to function effectively. The resulting 

inactivation of these enzymes greatly diminishes the potential for sustained hydrogen production, especially 

under continuous light or aerobic cultivation conditions [10]. 

4.2 Low Efficiency of Electron Transfer to Hydrogenases 
Another major bottleneck lies in the inefficient transfer of electrons from the photosynthetic or 

fermentative metabolic pathways to hydrogenase enzymes. Electrons generated via the light-driven splitting of 

water or through glycolytic breakdown of glycogen must be delivered to hydrogenase via intermediate carriers 

such as ferredoxin or NAD(P)H. However, the competition for these electron carriers by other cellular 

processes, particularly carbon fixation and respiration, reduces the flow of reducing equivalents toward 

hydrogen production. Moreover, native hydrogenases in many cyanobacterial species exhibit limited affinity for 

these carriers, resulting in suboptimal electron transfer and low hydrogen evolution rates [11]. 

4.3 Competition with Carbon Fixation (Calvin Cycle) 
Cyanobacteria naturally prioritize carbon fixation via the Calvin–Benson–Bassham (CBB) cycle, which 

consumes ATP and reducing power (NADPH) to convert CO₂ into organic biomass. This process directly 

competes with hydrogen production for essential metabolic resources, especially under photoautotrophic 

conditions. As a result, hydrogen production is often secondary to carbon assimilation, particularly when cells 

are actively growing and dividing [12]. Unless the carbon fixation pathway is downregulated or rerouted, a 

significant portion of energy and electrons will continue to be diverted away from hydrogen metabolism. 

4.4 Regulatory Feedback Mechanisms 
Cyanobacterial metabolism is tightly regulated by feedback control mechanisms that maintain cellular 

homeostasis. These regulatory circuits often act to suppress hydrogen production under favorable growth 

conditions to conserve energy and resources. For instance, the expression of hydrogenase genes is repressed in 

the presence of oxygen or fixed nitrogen sources, while nitrogenase expression is tightly regulated by 

environmental cues such as light intensity, carbon/nitrogen balance, and oxygen availability. These feedback 

loops, although essential for survival, limit the expression and activity of key hydrogen-producing enzymes 

under typical cultivation conditions, posing an obstacle for biotechnological exploitation [13]. 

4.5 Light Utilization and Photoinhibition 
While light is essential for driving photosynthetic electron flow, inefficient light utilization and 

photoinhibition can impair hydrogen production. In dense cultures or large-scale systems, self-shading and 

uneven light distribution reduce the overall light harvesting efficiency. Additionally, exposure to high light 

intensities can lead to photoinhibition of Photosystem II, generating reactive oxygen species (ROS) and 

damaging photosynthetic machinery [14]. These stresses can further exacerbate oxygen accumulation, inhibit 

hydrogenase and nitrogenase, and reduce overall energy conversion efficiency. Optimizing light input and 

improving the distribution of photosynthetic pigments are necessary to maximize the light-to-hydrogen 

conversion potential in cyanobacterial systems (Table 3, Figure 3). 

Table 3: Bottlenecks in Cyanobacterial H₂ Production 

Bottleneck Impact Potential Strategy 

Oxygen Sensitivity 
Inactivates hydrogenases 

and nitrogenases 

Engineering oxygen-tolerant 

enzymes or O₂ scavengers 

Inefficient Electron Transfer 
Reduces availability of 

electrons for H₂ production 

Redirect reducing 

equivalents using synthetic 

biology 

Carbon Fixation Competition (Calvin Cycle) 
Reduces electron pool for 

H₂ synthesis 

RuBisCO knockouts or 

downregulation 

Light Utilization Inefficiencies 
Photoinhibition reduces 

growth and enzyme activity 

Truncated antenna mutants, 

light modulation systems 

Regulatory 

Feedback 

Mechanisms 

Limits expression/activity 

of key H₂ enzymes 
Promoter optimization, synthetic circuit design 
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Figure 3: Bottlenecks in Cyanobacterial H₂ Production 

5. Genetic and Metabolic Engineering Strategies 

5.1. Knockout and Overexpression Approaches 
One of the primary strategies to enhance biohydrogen production in cyanobacteria is through targeted 

gene knockouts and overexpression of beneficial genes. A common approach is the knockout of competing 

pathways, particularly those involved in carbon fixation such as the Calvin–Benson–Bassham (CBB) cycle. 

Deletion or downregulation of key enzymes like RuBisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase) 

reduces the diversion of electrons and ATP toward biomass production, allowing more reducing power to be 

channeled toward hydrogenase activity [15]. 

Simultaneously, overexpression of native or heterologous hydrogenase genes, along with their 

accessory maturation proteins (such as Hyp proteins), has been shown to improve hydrogen production by 

increasing enzyme abundance and enhancing the efficiency of enzyme assembly. These genetic interventions 

can be optimized by using strong, constitutive promoters or inducible systems to fine-tune expression levels 

based on environmental conditions [16]. 

5.2. Pathway Redirection 
To maximize hydrogen output, it is essential to redirect intracellular electron fluxes in favor of 

hydrogenase. One effective method is to engineer the photosynthetic electron transport chain, such that electrons 

are preferentially delivered to hydrogenase instead of competing sinks like NADPH formation or cyclic 

photophosphorylation. This can be achieved by modifying ferredoxin redox interactions or introducing novel 

ferredoxin-hydrogenase fusion proteins for efficient electron channelling [17]. 

Additionally, diverting reducing equivalents such as NADPH and reduced ferredoxin toward 

hydrogenase enhances proton reduction activity. Mutations or deletions in key metabolic branches that consume 

NADPH, or the expression of ferredoxin variants with higher affinity for hydrogenase, can significantly increase 

electron availability for hydrogen evolution. Metabolic rerouting strategies must maintain overall redox balance 

and energy generation to prevent growth retardation or oxidative stress [18]. 

5.3. Synthetic Biology Tools 
Advancements in synthetic biology have enabled the precise and programmable engineering of 

cyanobacterial genomes for optimized hydrogen production. Tools such as CRISPR/Cas9, TALENs, and Zinc 

Finger Nucleases (ZFNs) facilitate targeted genome editing with high specificity and efficiency. These tools 

allow for multiplexed modifications of metabolic genes, enabling coordinated regulation of multiple pathways 

involved in hydrogen metabolism [19]. 

Modular pathway engineering using synthetic circuits provides control over gene expression and 

metabolic fluxes under defined stimuli. These circuits can incorporate logic gates, feedback loops, and 

regulatory modules to fine-tune expression in response to internal or external signals. Furthermore, promoter 

engineering and ribosome binding site (RBS) optimization are essential for maximizing expression levels of 

hydrogenase genes and related proteins [20]. Synthetic, strong, or light-inducible promoters can be designed to 

enhance expression specifically during conditions favorable for hydrogen evolution (Table 4). 

5.4. Heterologous Expression 
The introduction of foreign genes encoding oxygen-tolerant hydrogenases from other microorganisms 

into cyanobacteria represents a promising strategy to overcome the challenge of enzyme inactivation by oxygen. 

Several anaerobic and facultative bacteria possess hydrogenases that are more resistant to oxygen, and these can 

be expressed in cyanobacterial hosts to create robust hydrogen-producing strains [21]. 
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Moreover, the co-expression of oxygen-scavenging systems, such as flavohemoglobins, catalases, or 

oxidases, can help maintain a micro-anaerobic intracellular environment favorable for hydrogenase and 

nitrogenase function. These systems reduce reactive oxygen species and molecular oxygen levels within the cell, 

thereby extending the active lifetime of the enzymes involved in hydrogen metabolism [22]. The integration of 

such heterologous components requires careful balancing to ensure cellular viability and metabolic 

compatibility (Table 4). 

Table 4: Genetic and Metabolic Engineering Approaches 

Strategy Example Modification Expected Outcome 

Knockout Deletion of RuBisCO gene 
Reduces competition for reducing 

power 

Overexpression 
Hydrogenase structural genes and maturation 

factors 
Enhanced hydrogenase activity 

Pathway Redirection 
Engineering ferredoxin-NADP⁺ reductase 

(FNR) pathways 

Increased electron flow to 

hydrogenase 

Synthetic Biology 

Tools 

Use of CRISPR, synthetic promoters, RBS 

optimization 

Precise control over gene 

expression 

Heterologous 

Expression 
Incorporation of O₂-tolerant hydrogenases 

Enhanced stability under aerobic 

conditions 

 

6. Improving Oxygen Tolerance 

6.1 Spatial and Temporal Separation of H₂ Production and Photosynthesis 

One effective strategy to mitigate the inhibitory effects of oxygen on hydrogenase and nitrogenase 

activity in cyanobacteria is the spatial and temporal separation of hydrogen production from oxygenic 

photosynthesis. Spatial separation occurs naturally in heterocyst-forming cyanobacteria, such as Anabaena, 

where nitrogenase activity is confined to specialized heterocyst cells that lack oxygen-evolving Photosystem II 

and possess thickened cell walls to restrict oxygen diffusion. This creates a microanaerobic environment 

conducive to nitrogenase-mediated hydrogen evolution [23]. 

Temporal separation involves regulating cellular metabolism such that photosynthesis and hydrogen 

production occur at different times. For instance, in Synechocystis, cells can be cultivated under light conditions 

for photosynthetic energy storage and then shifted to dark, anaerobic conditions where fermentative metabolism 

supports hydrogen production. This strategy effectively circumvents the oxygen sensitivity of hydrogen-

evolving enzymes by decoupling their activity from oxygen generation [24]. 

6.2 Engineering Microcompartments or Artificial Vesicles 

Synthetic biology approaches are being employed to create engineered microcompartments or artificial 

vesicles that physically isolate sensitive enzymes from oxygen. These structures, inspired by bacterial 

microcompartments or eukaryotic organelles, are designed to encapsulate hydrogenases and associated proteins 

in semi-permeable membranes that restrict oxygen access while allowing substrate and product exchange. 

By localizing hydrogen production within these protective environments, it becomes possible to 

maintain active hydrogenase function even under aerobic conditions. Techniques such as protein tagging for 

compartmental localization, encapsulation in lipid vesicles, or expression of self-assembling protein cages have 

shown promise in experimental systems [25]. These artificial microenvironments help create oxygen-depleted 

niches within otherwise aerobic cells, enhancing the operational stability and efficiency of hydrogen-evolving 

pathways (Table 5). 

Table 5: Synthetic Biology Tools Used in Cyanobacteria 

Tool Function Application in Cyanobacteria 

CRISPR/Cas9 Targeted gene editing 
Knock-in/knock-out of key metabolic 

genes 

TALENs DNA binding and cleavage Modification of regulatory genes 

ZFNs 
Zinc finger proteins for gene 

disruption 
Limited use, early proof-of-concept 

Synthetic Circuits Modular control of metabolic fluxes Customized H₂ production regulation 

Promoter/RBS 

Engineering 
Fine-tuning gene expression levels Improved yield and pathway control 

 

6.3 Use of Synthetic Oxygen-Scavenging Enzymes 

Another powerful approach to enhance enzyme oxygen tolerance is the use of synthetic oxygen-

scavenging systems. Enzymes such as flavohemoglobins, catalases, superoxide dismutases (SODs), and NADH 
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oxidases can be overexpressed in cyanobacteria to actively consume intracellular oxygen and reactive oxygen 

species (ROS), thereby lowering oxidative stress and protecting sensitive hydrogen-producing enzymes [26]. 

Flavohemoglobins, in particular, catalyze the conversion of O₂ and nitric oxide into non-toxic products, 

creating more favorable redox conditions. Co-expression of such scavenging systems, often under inducible 

promoters that respond to oxygen levels, has been shown to improve hydrogenase activity and increase 

hydrogen yield under microaerobic conditions. These systems serve as an effective means of modulating 

intracellular oxygen levels without impairing cellular growth or viability. 

 

7. Bioinformatics and Systems Biology Approaches 

7.1 Genome-Scale Metabolic Models (GEMs) of Cyanobacteria 

Genome-scale metabolic models (GEMs) are computational reconstructions of an organism’s entire 

metabolic network based on annotated genomic data. For cyanobacteria, particularly well-characterized strains 

such as Synechocystis sp. PCC 6803, GEMs provide a powerful platform for simulating metabolic fluxes and 

predicting cellular behavior under varying environmental and genetic conditions. These models incorporate 

thousands of biochemical reactions, metabolites, and gene-protein-reaction (GPR) associations, allowing 

researchers to systematically study the impact of genetic modifications on hydrogen production pathways [27]. 

By mapping hydrogenase and nitrogenase reactions within the broader metabolic network, GEMs can help 

identify potential engineering targets to redirect flux toward biohydrogen generation. 

7.2 Flux Balance Analysis (FBA) to Identify Metabolic Bottlenecks 

Flux balance analysis (FBA) is a mathematical approach used to analyze the flow of metabolites 

through metabolic networks under steady-state conditions. In the context of cyanobacterial biohydrogen 

production, FBA can be applied to GEMs to simulate how metabolic fluxes are distributed among competing 

pathways, such as photosynthesis, carbon fixation, respiration, and hydrogen evolution. By defining specific 

objective functions—such as maximizing hydrogen yield or growth rate FBA helps identify metabolic 

bottlenecks and rate-limiting steps that constrain hydrogen output [28]. This information can then guide rational 

metabolic engineering interventions, such as gene knockouts, overexpression strategies, or cofactor rebalancing, 

to optimize cellular resource allocation for improved hydrogen production (Table 6). 

Table 6: Synthetic Biology Tools Used in Cyanobacteria 

Tool Function Application in Cyanobacteria 

CRISPR/Cas9 Targeted gene editing 
Knock-in/knock-out of key metabolic 

genes 

TALENs DNA binding and cleavage Modification of regulatory genes 

ZFNs 
Zinc finger proteins for gene 

disruption 
Limited use, early proof-of-concept 

Synthetic Circuits Modular control of metabolic fluxes Customized H₂ production regulation 

Promoter/RBS 

Engineering 
Fine-tuning gene expression levels Improved yield and pathway control 

 

7.3 Omics Integration (Transcriptomics, Proteomics, Metabolomics) 

Integrating multi-omics data including transcriptomics, proteomics, and metabolomics is essential for 

capturing a comprehensive view of the cellular state during hydrogen production. Transcriptomic data provide 

insights into gene expression patterns and regulatory responses under hydrogen-evolving conditions, while 

proteomic analyses reveal changes in protein abundance, post-translational modifications, and enzyme 

activation states. Metabolomics, on the other hand, quantifies the dynamic concentrations of intracellular 

metabolites, enabling the identification of metabolic intermediates that accumulate or deplete during hydrogen 

metabolism [29]. 

By integrating these datasets with computational models, researchers can construct more accurate and 

condition-specific metabolic networks, identify key regulatory nodes, and detect unforeseen pathway 

interactions. Such systems-level insights are crucial for designing context-aware metabolic engineering 

strategies that go beyond trial-and-error approaches. 

7.4 Machine Learning for Predictive Metabolic Engineering 

Emerging applications of machine learning (ML) in cyanobacterial bioengineering offer new 

opportunities for predictive design and optimization. ML algorithms can be trained on large datasets generated 

from omics studies, high-throughput screening, and simulation results to identify complex, non-linear 

relationships between genetic changes and phenotypic outcomes. For example, supervised learning techniques 

can be used to predict the impact of specific gene edits on hydrogen production, while unsupervised learning 

can uncover hidden patterns or clusters in expression data [30]. 
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Moreover, ML models can be combined with evolutionary algorithms and design of experiments (DoE) 

to automate strain design and prioritize experimental validation. In silico platforms powered by AI not only 

accelerate the design-build-test-learn (DBTL) cycle but also enable the discovery of novel engineering strategies 

that may be overlooked by conventional methods. 

 

8. Process Optimization and Bioreactor Design 

8.1 Light Harvesting System Optimization (e.g., Truncated Antenna Mutants) 

In cyanobacteria, efficient light absorption is crucial for driving photosynthesis and generating the 

reducing power required for hydrogen production. However, in dense cultures or large-scale bioreactors, self-

shading and uneven light distribution limit the overall productivity. One promising approach to mitigate this 

issue is the development of truncated antenna mutants, where the size of the phycobilisome light-harvesting 

antenna complex is genetically reduced. This modification decreases the absorption of excess light by surface 

cells, allowing deeper light penetration into the culture and improving the overall light-use efficiency [31]. As a 

result, more uniform photosynthetic activity across the population is achieved, enhancing the electron flow 

toward hydrogen-evolving pathways. 

8.2 Use of Immobilized Systems and Biofilm Reactors 

Immobilized cyanobacterial systems and biofilm reactors offer distinct advantages over suspended 

cultures for sustained hydrogen production. Immobilization through entrapment in alginate beads, attachment to 

solid supports, or biofilm formation facilitates higher cell densities, better light exposure, and enhanced 

metabolic stability. Biofilm-based photobioreactors in particular create stratified microenvironments that can 

support localized anaerobiosis, ideal for the operation of oxygen-sensitive enzymes like hydrogenase and 

nitrogenase. Additionally, immobilized systems reduce cell washout, simplify biomass recovery, and allow 

continuous operation with minimal maintenance. These setups are particularly attractive for long-term or field-

scale applications [32]. 

8.3 Semi-Continuous and Continuous Cultivation Strategies 

Optimizing the mode of cultivation is essential for maximizing productivity and operational efficiency. 

Semi-continuous and continuous cultivation strategies offer better control over growth conditions compared to 

batch cultures. In semi-continuous systems, a portion of the culture is periodically harvested and replaced with 

fresh medium, maintaining cells in the exponential growth phase and enabling consistent hydrogen output. 

Continuous cultivation ensures a steady supply of nutrients and removal of inhibitory byproducts, allowing for 

prolonged, stable hydrogen production. These strategies also facilitate process scalability, reduce downtime, and 

support integration with real-time monitoring and control systems [33]. 

8.4 Integration with CO₂ Capture and Nutrient Recycling 

To improve the environmental and economic sustainability of cyanobacterial hydrogen production, 

bioprocesses should be designed to incorporate CO₂ capture and nutrient recycling. Cyanobacteria naturally fix 

carbon dioxide via the Calvin cycle, making them ideal candidates for coupling with industrial CO₂ emission 

streams (e.g., flue gases). This integration not only reduces greenhouse gas emissions but also provides a 

renewable carbon source for biomass generation [34]. 

Additionally, the use of wastewater or nutrient-rich effluents as cultivation media allows for the recycling of 

nitrogen and phosphorus, significantly reducing the costs and ecological footprint of production. Implementing 

closed-loop nutrient cycles and carbon capture technologies contributes to the circular bioeconomy, making 

biohydrogen production from cyanobacteria more viable and sustainable on an industrial scale (Table 7). 

Table 7: Bioreactor and Process Optimization Strategies 

Parameter Optimization Approach Effect 

Light Harvesting Truncated antenna mutants 
Reduces self-shading, improves light 

penetration 

Culture Format 
Immobilized biofilms, thin-layer 

reactors 
Higher cell density, easier product recovery 

Cultivation Mode Semi-continuous or continuous culture Sustains production, reduces downtime 

CO₂ Capture 

Integration 

Bubble column reactors with CO₂ 

sparging 

Enhances carbon fixation, improves biomass 

yield 

Nutrient Recycling Use of wastewater or nutrient loops 
Cost reduction and environmental 

sustainability 
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9. Recent Advances and Case Studies 

9.1 Genetic Engineering Successes in Synechococcus and Synechocystis Strains 

Recent advances in genetic engineering have significantly improved the hydrogen production potential 

of model cyanobacterial strains, particularly Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 

7942. These organisms are highly amenable to transformation and have well-annotated genomes, making them 

ideal for metabolic reprogramming. Researchers have successfully overexpressed native [NiFe]-hydrogenase 

genes along with accessory proteins involved in enzyme maturation, resulting in enhanced hydrogen evolution 

activity [35]. In addition, CRISPR/Cas9 and homologous recombination techniques have been employed to 

knock out competing pathways such as carbon fixation (e.g., RuBisCO or glyceraldehyde-3-phosphate 

dehydrogenase) to divert more reducing power toward hydrogen production. Some strains have also been 

engineered to express oxygen-tolerant hydrogenases from Ralstonia eutropha, achieving measurable hydrogen 

production even under aerobic conditions. 

9.2 Metabolic Flux Enhancements and Yield Improvements 

Numerous studies have reported metabolic flux enhancements through pathway optimization and 

regulatory rewiring. For example, rerouting of electrons via overexpression of specific ferredoxin-hydrogenase 

fusion proteins has been shown to improve electron transfer efficiency. Modifications to the NADPH pool and 

redox cofactor balance, such as by suppressing NADPH-consuming biosynthetic pathways, have further 

increased hydrogen yields. In some cases, the combined application of synthetic promoters, ribosome binding 

site optimization, and carbon sink regulation has led to 3- to 5-fold increases in hydrogen output under 

laboratory conditions [36]. These improvements reflect the power of integrative metabolic engineering in tuning 

resource allocation within the cell toward hydrogen production. 

9.3 Pilot-Scale Demonstrations and Techno-Economic Analyses 

Beyond laboratory-scale experimentation, several research groups and industrial collaborators have 

initiated pilot-scale demonstrations of cyanobacterial hydrogen production systems. These efforts include open 

pond systems and closed photobioreactors designed for optimized light penetration and gas exchange. 

Immobilized cell systems and biofilm reactors have also been tested in semi-continuous setups, showing 

promising stability and sustained hydrogen evolution over weeks [37]. 

Complementing these trials, techno-economic analyses (TEA) have been conducted to evaluate the 

feasibility of scaling up cyanobacterial hydrogen production. While current production costs remain higher than 

those of conventional hydrogen generation methods (e.g., steam methane reforming), integration with CO₂ 

sequestration, wastewater treatment, and renewable energy inputs has demonstrated potential cost reductions. 

Sensitivity analyses suggest that advances in strain productivity, light utilization efficiency, and bioreactor 

design could significantly narrow the economic gap. These findings reinforce the importance of continued 

innovation and process integration in translating laboratory success into industrial viability (Table 8). 

Table 8: Selected Case Studies in Cyanobacterial Biohydrogen Engineering 

Strain Modification Outcome Reference 

Synechocystis sp. 

PCC 6803 

Hydrogenase overexpression + 

Calvin cycle downregulation 
2–3× increase in H₂ production 

[Recent 

study] 

Synechococcus 

elongatus 

Expression of oxygen-tolerant 

hydrogenase 

Sustained H₂ production under 

semi-aerobic conditions 

[Recent 

study] 

Anabaena sp. Nitrogenase activity in heterocysts 
Spatial separation enables higher 

H₂ production 

[Recent 

study] 

Engineered strains 

(lab-scale) 

Ferredoxin redirection via 

synthetic pathway 
4–5× H₂ yield in photobioreactor 

[Pilot-scale 

study] 

 

10. Challenges and Future Directions 

10.1 Regulatory Hurdles and Biosafety Concerns 

Despite promising advances in cyanobacterial biohydrogen research, regulatory frameworks and 

biosafety issues pose significant challenges to field deployment. The use of genetically modified organisms 

(GMOs) raises concerns related to environmental release, gene transfer, and unintended ecological impacts. 

Regulatory approvals for outdoor cultivation or industrial-scale deployment of engineered cyanobacteria are 

often stringent, requiring thorough risk assessments and long-term ecological monitoring. In addition, there is a 

lack of globally harmonized guidelines for the commercialization of bioengineered photosynthetic 

microorganisms, leading to delays and uncertainties in scaling innovations from lab to market [38]. Addressing 

these concerns through safer genetic containment strategies and regulatory reform is essential for the responsible 

development of this technology. 
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10.2 Scalability of Engineered Strains 

A major limitation in realizing commercial biohydrogen production lies in the scalability of engineered 

cyanobacterial strains. Many metabolic engineering strategies that demonstrate success under controlled 

laboratory conditions fail to maintain productivity under real-world settings due to environmental stress, genetic 

instability, or reduced fitness. Factors such as temperature fluctuations, light intensity variation, nutrient 

limitation, and microbial contamination can adversely affect hydrogen yields. Furthermore, engineered traits 

may impose metabolic burdens, affecting cell growth and robustness over extended culture periods [39]. Thus, 

improving strain stability, stress tolerance, and long-term performance remains a key priority in bringing lab-

scale breakthroughs to industrial applications. 

10.3 Integration with Hybrid Renewable Energy Systems 

To maximize sustainability and energy efficiency, future biohydrogen systems must be integrated with 

hybrid renewable energy platforms, including solar photovoltaics, wind energy, and bioelectric systems. 

Cyanobacterial photobioreactors can be co-located with solar farms to optimize land use and leverage surplus 

energy for auxiliary functions like CO₂ capture, nutrient recycling, or light supplementation. Coupling 

biohydrogen production with renewable electricity for real-time monitoring, process control, and data 

acquisition also opens the door for smart, decentralized energy solutions. Such synergistic systems can help 

overcome intermittency challenges and improve the economic competitiveness of biohydrogen technologies 

[40]. 

10.4 Designing Robust Cyanobacterial Chassis for Industrial Biohydrogen Production 

The development of next-generation cyanobacterial chassis strains is crucial for the successful 

industrialization of biohydrogen production. These strains should exhibit high hydrogen yields, minimal oxygen 

sensitivity, tolerance to environmental stresses, rapid growth, and genetic tractability. Advanced tools in 

synthetic biology and systems metabolic engineering enable the rational design of such robust platforms by 

integrating synthetic circuits, feedback control mechanisms, and optimized metabolic modules. In addition, 

adaptive laboratory evolution (ALE) and machine learning-guided strain engineering are emerging as powerful 

methods to enhance strain performance under industrially relevant conditions. Ultimately, building reliable, 

high-performance cyanobacterial hosts will be the foundation for translating biohydrogen research into a 

scalable and commercially viable clean energy solution (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Challenges and Future direction in Cyanobacterial Biohydrogen Production 
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11. CONCLUSION 

11.1 Summary of Key Strategies for Pathway Optimization 

Optimizing metabolic pathways in cyanobacteria for enhanced biohydrogen production represents a 

multidisciplinary effort combining molecular biology, genetic engineering, systems biology, and bioprocess 

design. Key strategies include targeted knockout of competing metabolic pathways, overexpression of 

hydrogenase and maturation proteins, and diversion of reducing equivalents toward hydrogen production. 

Synthetic biology tools such as CRISPR/Cas systems, modular pathway engineering, and heterologous 

expression of oxygen-tolerant hydrogenases have been instrumental in enhancing yields [41]. Additionally, 

bioinformatics-driven modeling and flux analysis have enabled rational identification of bottlenecks and guided 

efficient strain design. Advances in bioreactor configurations and cultivation techniques have also contributed 

significantly to increasing overall productivity. 

11.2 The Potential of Next-Gen Metabolic Engineering for a Green H₂ Economy 

Next-generation metabolic engineering approaches, empowered by omics technologies and machine 

learning, hold immense promise in realizing a sustainable hydrogen economy. By leveraging genome-scale 

models, transcriptomic feedback, and predictive algorithms, researchers can systematically reprogram 

cyanobacterial metabolism to function optimally under industrial conditions [42]. Coupling these advances with 

robust, oxygen-tolerant, and fast-growing cyanobacterial chassis can enable scalable and cost-effective 

biohydrogen production. Furthermore, the integration of biohydrogen systems with carbon capture technologies 

and renewable energy infrastructures reinforces their role in decarbonizing the global energy landscape. 

11.3 Future Prospects for Commercialization 

Although several scientific and technological barriers remain, recent breakthroughs have significantly 

accelerated the path toward commercial deployment of cyanobacterial biohydrogen systems. Pilot-scale 

demonstrations, techno-economic evaluations, and advances in strain robustness and bioprocessing have brought 

this vision closer to reality. Continued investment in regulatory alignment, public-private partnerships, and 

industrial biotechnology platforms will be crucial to overcoming the final translational hurdles [43]. With 

sustained research and innovation, cyanobacteria-based hydrogen production could emerge as a cornerstone of 

the clean energy revolution, contributing meaningfully to climate change mitigation and global energy 

sustainability. 
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6. Berman-Frank, I., Lundgren, P., Chen, Y. B., Küpper, H., Kolber, Z., Bergman, B., et al. (2001). 

Segregation of nitrogen fixation and oxygenic photosynthesis in the marine cyanobacterium 

Trichodesmium. Science 294, 1534-1537.  

7. Bolatkhan, K., Kossalbayev, B. D., Zayadan, B. K., Tomo, T., Veziroglu, T. N., and Allakhverdiev, S. 

I. (2019). Hydrogen production from phototrophic microorganisms: Reality and perspectives. Int. J. 

Hydrogen Energ 44, 5799-5811.  

8. Bothe, H., Schmitz, O., Yates, M. G., and Newton, W. E. (2010). Nitrogen fixation and hydrogen 

metabolism in cyanobacteria. Microbiol. Mol. Biol. Rev. 74, 529-551.  

9. Bothe, H., Tennigkeit, J., and Eisbrenner, G. (1977). The utilization of molecular hydrogen by the blue-

green alga Anabaena cylindrica. Arch. Microbiol. 114, 43-49.  

10. Bozieva, A. M., Khasimov, M. K., Voloshin, R. A., Sinetova, M. A., Kupriyanova, E. V., 

Zharmukhamedov, S. K., et al. (2023). New cyanobacterial strains for biohydrogen production. Int. J. 

Hydrogen Energ 48, 7569-7581.  

11. Cheng, L., Zhang, Z., Zhu, D., Luo, Q., and Lu, X. (2024). Glucosylglycerol phosphorylase, a potential 

novel pathway of microbial glucosylglycerol catabolism. Appl. Microbiol. Biotechnol. 108, 214.  



TPM Vol. 32, No. S3, 2025         Open Access 

ISSN: 1972-6325 

https://www.tpmap.org/ 

 
 

 
 

1707 
 

 

  

12. Chongsuksantikul, A. A. K., Yoshikawa, S., and Ohtaguchi, K. (2014). Hydrogen production by 

anaerobic dark metabolism in Synechocystis sp. strain PCC 6803-GT: effect of monosaccharide in 

nitrate free solution. J. Biochem. Tech. 

13. Cournac, L., Guedeney, G., Peltier, G., and Vignais, P. M. (2004). Sustained photoevolution of 

molecular hydrogen in a mutant of Synechocystis sp. strain PCC 6803 deficient in the type I NADPH-

dehydrogenase complex. J. Bacteriol. 186, 1737-1746. 

14. Das, S., Nath, K., and Chowdhury, R. (2021). Comparative studies on biomass productivity and lipid 

content of a novel blue-green algae during autotrophic and heterotrophic growth. Environ. Sci. Pollut. 

Res. Int. 28, 12107-12118.  

15. Dawson, R. M. C., E, D. C., Elliott, W. H., and Jones, K. M. (1986). Data for biochemical research. 3 

edn. Clarendon Press. 

16. Duskova, M., Borovikova, D., Herynkova, P., Rapoport, A., and Sychrova, H. (2015). The role of 

glycerol transporters in yeast cells in various physiological and stress conditions. Fems Microbiol. Lett. 

362, 1-8.  

17. Dutta, D., De, D., Chaudhuri, S., and Bhattacharya, S. K. (2005). Hydrogen production by 

cyanobacteria. Microb. Cell Fact. 4, 36.  

18. D.W., P. S. L. a. W (2014). Microbiology of Waterborne Diseases. Editors Yates, M.V., Percival, S.L., 

Williams, D.W., Chalmers, R.M, and Gray, N.F 

19. Elam, C. C., et al. (2003). Realizing the hydrogen future:: the International Energy Agency's efforts to 

advance hydrogen energy technologies. Int. J. Hydrogen Energ 28, 601-607. 

20. Feng, X., Bandyopadhyay, A., Berla, B., Page, L., Wu, B., Pakrasi, H. B., et al. (2010). Mixotrophic 

and photoheterotrophic metabolism in Cyanothece sp. ATCC 51142 under continuous light. Microbiol. 

Read. 156, 2566-2574.  

21. Fj., W. (2001). Encyclopedia of life sciences (John Wiley and Sons). 

22. Fu, D., Libson, A., Miercke, L. J. W., Weitzman, C., Nollert, P., Krucinski, J., et al. (2000). Structure 

of a glycerol-conducting channel and the basis for its selectivity. Science 290, 481-486.  

23. Gallon, J. R. (1992). Reconciling the Incompatible - N-2 fixation and O-2. New Phytol. 122, 571-609.  

24. Gao, Y. L., Cournoyer, J., De, B. C., Wallace, C. L., Ulanov, A. V., La Frano, M. R., et al. (2024). 

Introducing carbon assimilation in yeasts using photosynthetic directed endosymbiosis. Nat. Commun. 

15, 5947.  

25. G., K (2013). Advances in utilizing cyanobacteria for hydrogen production. Adv. Microbiol.  

26. Gonzalez, E., Zuleta, C., Zamora, G., Maturana, N., Ponce, B., Rivero, M. V., et al. (2023). Production 

of poly (3-hydroxybutyrate) and extracellular polymeric substances from glycerol by the acidophile 

Acidiphilium cryptum. Extremophiles 27, 30.  

27. Goyal, S., Hernández, N. B., and Cochran, E. W. (2021). An update on the future prospects of glycerol 

polymers. Polym. Int. 70, 911-917.  
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