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Abstract 
 
This study explores the molecular and genetic strategies for a clean, 
non-polluting and renewable photobiological hydrogen production 
technology. Photobiological production of H2 gas, through split of 
water (e- donor) into molecular H2 and O2 using sunlight, is a property 
of two types of photosynthetic microorganisms: green algae and 
cyanobacteria. Interestingly, water splitting in each of these organisms 
is functionally linked to H2 production by the activity of one of two 
major types of [FeFe] or [NiFe] hydrogenases. Both enzymes are 
phylogenetically distinct but perform same catalytic reaction. The 
genetics, biosynthesis, structure, function, and O2 sensitivity of these 
enzymes have been focus of extensive research in recent years. 
However, the hydrogen yield associated with these organisms remains 
far too low to compete with the existing chemical systems. This article 
summarizes the knowledge on intrinsic incompatibility of 
photosynthetic microorganisms and strategies for improvement of 
inherent challenges to produce Bio-H2 are discussed. It helps to 
provide viable solutions to global challenges of energy and 
environmental issues, which need further impetus through adoption of 
multidisciplinary approaches. 
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1. Introduction 
Molecular hydrogen (H2) is thought to be the ideal fuel for the future because of its 
high energy content and its clean combustion to water (H2O). Cyanobacteria and green 
algae are so far the only known organisms with both an oxygenic photo-synthesis and 
a hydrogen production (Parmar et al., 2011). While H2 production in cyanobacteria is 
mostly coupled to nitrogen fixation, unicellular green algae utilize photosynthetically 
generated electrons for H2 reduction. Enzymes called hydrogenases catalyze either 
production or oxidation of molecular H2 (Vignais et al. 2004). The vast majority of the 
hydrogenase enzymes are sensitive to molecular oxygen. This study explores the 
knowledge on intrinsic incompatibility of photosynthetic microorganisms to produce 
Bio-H2. Molecular and genetic strategies for a photobiological hydrogen production 
technology are discussed and summarize the strategies for improvement of inherent 
challenges. 
 
 
2. Biochemical Pathways for Hydrogen Production in Photosynthetic 

Microorganisms 
Both algae and cyanobacteria depend on light absorption by the photosynthetic 
apparatus as the essential starting point for all subsequent hydrogen gas generation 
because light energy facilitates the oxidation of water molecules, the release of 
electrons and protons, and the endergonic transport of these electrons. Photosynthetic 
apparatus are comprised of complex antenna pigments such as chlorophylls, 
carotenoids and phycobilisomes and many peptides. They have the ability to capture 
photons and pass them to two photochemical reaction centers, photosystem I (PS-I) 
and photo-system II (PS-II), embedded in thylakoid or cyanobacterial membranes 
(Collins et al., 2012). Electron transport for hydrogen generation occurs in the 
following sequence (Fig. 1).  
 
2.1 Mechanism  
Photosynthetic apparatus absorb solar energy through PS-I & PSII. Initial energy is 
derived through PS-II by extracting electron from oxidation of water molecules (Fig. 
1). Further, electrons are transported and reduce a series of membrane-bound and 
soluble carriers such as iron-sulfur protein ferredoxin (PetF) serve as the physiological 
electron donor to either [FeFe] or [NiFe] hydrogenases and generate NADPH via 
ferredoxin-NADP oxidoreductase (FNR) at PS-I. In the presence of carbon dioxide 
(CO2), produced ATP and NAPDH are used in light-independent reactions to fix CO2 
into carbohydrate. However, in absence of CO2 and under anaerobic conditions, 
reduced ferredoxin or NADPH reduces protons to yield hydrogen gas, a reaction 
catalyzed by hydrogenase. Ferredoxin links photosynthetic electron transport directly 
to hydrogen production in green algae, whereas NAD(P)H is the likely electron donor 
to hydrogenease in cyanobacteria (Fig. 1). 
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Figure 1: Biohydrogen production pathways in photosynthetic  
microorganisms [Adapted from Srirangan et al., 2011]. 

 
2.2 Hydrogenases involved in photobiological hydrogen production 
Hydrogenases are heterogeneous group of enzymes found on periplasmic, cytoplasmic, 
and cytoplasmic membrane and catalyses reversible oxidation of molecular hydrogen 
(H2). They are classified as one of following three types based on metal atoms 
composing the active site: [NiFe], [FeFe], and [Fe]-only (Berggren et al., 2013). Both 
[NiFe] and [FeFe] hydrogenases are phylogenetically distinct but have some common 
features such as an active site and a few Fe-S clusters that are buried in protein, 
suggesting convergent evolution. In contrast, [Fe]-only contains only a mononuclear 
Fe active site and no iron-sulfur clusters. Both [NiFe] and [FeFe] hydrogenases are 
known to be deactivated by molecular oxygen (O2). However, [FeFe] hydrogenases are 
generally more active (turnover frequency is 10,000 s-1) in hydrogen production 
(Madden et al., 2012). This has led to intense research focusing on use of [FeFe] 
hydrogenase for sustainable production of H2.  
 
 
3. Challenges and Bioengineering of Biochemical Pathways 
On the basis of mole, biophotolysis can yield hydrogen to oxygen ratio of 2:1. 
However, under ambient condition, it is difficult to arrive at this ratio. There are 
several intrinsic limitations to hydrogen production by the enzymes. These intrinsic 
limitations and approaches are summarized in Table 1 and described in detail in the 
following subsections. 

 
3.1 Approaches for enhance photolysis in green algae 
3.1.1 Bioengineering of photosynthetic apparatus 
Potential light conversion efficiency to H2 by photosynthetic microorganisms is 
theoretically about 10% due to 10 times slow electron transfer rate from PSII to PSI 
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than photon capture rate by photosynthetic apparatus. This means that about 90% of 
the photons being captured by the antenna systems are not being utilized (Hallenbeck 
et al., 2002). However, Melis and coworkers and later others (Polle et al., 2002, Perrine 
et al., 2012) tested the hypothesis that photosynthetic efficiency can be improved by 
truncating the chlorophyll antenna size of PS-II. RNA interference or RNAi has also 
been recently used to down regulate the entire family of light harvesting complexes 
(LHC) in C. reinhardtii. Oey et al. (2013) showed the simultaneous knock-down of 
three LHC proteins (LHCMB1, 2 and 3) in the high H2-producing Chlamydomonas 
reinhardtii mutant Stm6Glc4 using an RNAi triple knock-down strategy. The 
resultant mutant exhibited a light green phenotype in which expression of genes 
LHCBM1 (20.6% ±0.27%), LHCBM2 (81.2% ±0.037%) and LHCBM3 (41.4% 
±0.05%) were reduced. This improved the light to H2 (180%) and biomass (165%) 
conversion efficiencies at increased solar flux densities (450 instead of ~100 µE m−2 

s−1) and high cell densities. Low concentration of oxygen is also a key factor which 
involved in activation of the enzymes hydrogen metabolism.  
 
3.1.2 Bioengineering of hydrogenases for oxygen inactivation  
One of the obstacles to hydrogen production using photobiological systems is that 
[FeFe]-hydrogenases is extremely sensitive to inactivation by oxygen produced by PS-
II in algae. Inactivation is governed by two phenomena: diffusion of O2 to the active 
site, and destructive modification of the active site. Stripp et al., (2009) discovered that 
O2 first converts into a reactive species at the active site of [FeFe] hydrogenases, and 
then damages its [4Fe-4S] domain. In 2000, Melis and colleagues use sulfur 
deprivation strategy for lowering the partial pressure of oxygen in green algae C. 
reinhardtii. Sulfur deprivation inhibits formation of the sulfur containing D1 poly- 
peptide chain, which is the reaction center of PS-II and results in the rapid decline of 
O2 synthesis and CO2 fixation. Lee has proposed that this oxygen sensitivity, which is 
a proton- gradient related problem, can be avoided by the genetic insertion of a 
hydrogenases promoter-programmed poly- peptide proton channel into the algal 
thylakoid membranes (Lee et al., 2003). This approach could also solve the additional 
problems associated with increase in proton-gradient, which include restriction of 
hydrogen production, the competitive inhibition of hydrogen evolution by CO2, and the 
requirement for bicarbonate binding at PSII for efficient photosynthesis. Despite these 
findings, research is still under progress for engineering oxygen tolerance in 
hydrogenases. 
 
3.1.3 Enhancing the metabolic pathways 
Nutrient limitation and substrate utilization methods have been used in order to 
drastically change the metabolism and increase hydrogen yields from algae (Lee et al., 
2003). A new metabolic engineering strategy that incorporates random genes and 
increases the availability of electrons and protons for hydrogen evolution during 
anaerobic conditions has been achieved in C. reinhardtii (He et al.,2012). These 
methods are capable of altering metabolism and have shown the potential to increase 



Bioengineering of Biochemical Pathways for Enhanced Photobiological 515 

 

hydrogen production. However, this technique is relatively new and deserves more 
study. 
 
 
Table 1: Intrinsic limitations and overcome approaches for biohydrogen production in 

photosynthetic microorganisms. 
 

Organism Challenges Strategy Reference 
Algae   Light 

conversion efficiency 
to H2 is theoretically 
about 10%. 

 Truncating the 
chlorophyll antenna size of 
PS-II using RNAi method 

Oye et al., 
2013 

 [Fe-Fe]-
hydrogenases 
inhibition by oxygen 
produced by PS-II 

 Sulfur deprivation 
 Genetic insertion of a 
hydrogenase promoter proton 
channel into the thylakoid 
membranes  
 Nutrient limitation and 
optimization 
 Substrate utilization 

He et al.,2012 
Lee et al., 
2003 

Cyanobacteria  Low H2 
production rate of 
[Ni-Fe]-
hydrogenases. 
 

 Requires constant 
sparging of inert gas 
 Expressing the 
bidirectional, oxygen-tolerant 
[Ni-Fe] hydrogenase genes, 
hydS and hydL in 
cyanobacteria. 
 Incorporation of 
[FeFe]- hydrogenase into 
heterocysts 

Seibert et al., 
2001 
Lukey et al., 
2011 
 
Gartner et al., 
2012 

 
3.2 Approaches for enhance photolysis in Cyanobacteria 
3.2.1 Bioengineering of bidirectional hydrogenase 
Cyanobacteria do not produce hydrogen as the high rates of [Fe-Fe]-hydrogenases due 
to low activity bidirectional [Ni-Fe]-hydrogenases. The bidirectional hydrogenase from 
cyanobacteria also doesn’t require ATP to function and can suffer from a buildup of 
ATP which then inhibits electron flow (Lubitz et al., 2008). In order to combat this 
problem, a constant sparging of an inert gas is required. A variety of genetic tools also 
exist to express the bidirectional, oxygen-tolerant [NiFe]-hydrogenase genes (such as 
hydS and hydL) in cyanobacterial species (Lukey et al., 2011).  
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3.2.2 Incorporation of [FeFe] - hydrogenase into heterocysts of cyanobacteria 
Recent studies have shown that incorporation of a heterologous [FeFe] - hydrogenase 
into the heterocysts of cyanobacteria could also potentially provide a way to increase 
hydrogen production in this organism (Gartner et al., 2012). Heterocyst frequency can 
be increased by over-expression of hetR or by inactivation of patS or hetN. In addition, 
many studies also showed the importance of salinity and micronutrients on hydrogen 
production by this strain (Shah et al., 2001). However, more studies must be done in 
order to determine the maturation genes involved in expressing an active heterologous 
[FeFe]- hydrogenase and exploring nutritional requirements in cyanobacteria. 
 
 
4. Conclusion 
Large-scale photosynthetic hydrogen production is often limited by inherent 
incompatibility between oxygenic photosynthesis, hydrogen evolution and poor 
photochemical efficiencies. However, significant progress has been made to overcome 
genetic, metabolic, and physiological challenges through bioengineering of 
biochemical pathways, including increasing photosynthetic efficiency by truncating the 
antenna size, sulfur deprivation, protein engineering to reduce oxygen sensitivity of 
hydrogenases etc. These engineered photosynthetic microorganisms optimized to 
produce high hydrogen production and will surely be able demonstrate its economic 
feasibility for sustainable biohydrogen production.  
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