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 Photobiological hydrogen production – the use of photosynthesis to split 

water into hydrogen and oxygen – presents an opportunity for efficient and large-

scale solar biofuel development.  One of the major challenges in this area is 

competition for reductant between the hydrogen-evolving hydrogenase enzyme and 

other metabolic pathways.  In this work we first develop and characterize a family of 

inducible promoters allowing for nitrogen-regulated gene expression in 

cyanobacteria.  These four promoters are all induced by nitrate and repressed by 

ammonium ion but differ in maximal activity and dynamic range.  We then apply 

these promoters to create Synechocystis sp. PCC 6803 strains in which two major 



 

 

competing pathways – cyclic electron flow around photosystem I and carbon 

assimilation – are inducibly downregulated in the presence and absence of the 

Mehler reaction, another competing pathway.  These strains produce hydrogen 

continuously in the light when grown in ammonium but not when grown in nitrate, 

demonstrating in vivo function of the nitrogen-regulated metabolic switch.  Finally, 

we examine hydrogen production and chlorophyll fluorescence from these strains in 

the presence of multiple oxygen levels, oxygen scavengers, and chemical inhibitors 

to identify further metabolic pathways that may inhibit hydrogen production.  These 

pathways are logical targets for genetic manipulation with the goal of optimizing 

electron flux from water to hydrogen.  The inducible promoters developed here will 

be applicable to a wide range of cyanobacterial biotechnology, and implementation 

of a metabolic switch between growth-optimized and hydrogen-optimized 

phenotypes represents a first step towards development of a commercially viable 

biohydrogen strain. 
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CHAPTER 1 – INTRODUCTION & LITERATURE REVIEW 

1.1 - The Case for Advanced Solar Biofuels 

 Humankind uses energy at an average rate of 17.5 terawatts (TW, 1012 watts), and 

demand is projected to increase to 27 TW by 2040 (1).  At present, fossil fuels (coal, petroleum, 

and natural gas) provide 84% of this energy (1).  Given that fossil fuel reserves are finite on the 

scale of decades to centuries and that CO2 from fossil fuel combustion is implicated in climate 

change (2), it is imperative that renewable energy sources be aggressively developed to bridge 

the gap.  Solar shortwave radiation reaches the Earth’s surface at a rate of 101,000 TW (3).  This 

compares to available power in wind (1700 TW), geothermal (45 TW), tides (3.7 TW), waves 

(2.7 TW), and hydropower (1.9 TW) (4).  While solar, wind, and geothermal are of sufficient 

magnitude to replace fossil fuels, the solar resource is by far the largest.   

Currently solar energy is harvested primarily by photovoltaic panels and biofuel crops.  

Utility scale photovoltaic installations cost around $2/W, convert shortwave radiation to 

electricity at an efficiency of around 12.5%, and have a lifespan of approximately 30 years (5).  

This equates to an annualized cost of $8.30 m-2 y-1.  Using corn ethanol as an example biofuel, 

production costs are around $0.24 m-2 y-1 (6), but at 0.32 L/m2 annual yield (6) and using US 

average insolation of 1800 kWh m-2 y-1 (7), sunlight-to-energy conversion efficiencies are on the 

order of 0.1%.  Thus on a per-unit-area basis, current-generation biofuels are both vastly less 

expensive and vastly less efficient than manufactured photovoltaics. 
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Biofuel crops do not approach the theoretical efficiency of photosynthesis for a number 

of reasons.  Growth occurs only during a fraction of the year and is limited by water and 

nutrient availability.  Areal coverage is incomplete.  Only a fraction of the plant is harvested and 

converted to fuel.  The plant converts initial carbohydrates into a wide range of complex 

molecules, incurring energetic losses at each step.  The question thus arises whether it might be 

possible to harness the self-construction (and therefore lower cost) of biological systems while 

achieving an efficiency closer to photovoltaics.  

 Photosynthesis, like any energy conversion process, incurs necessary losses.  Zhu et al. 

(8) provided a careful assessment of these losses in an attempt to calculate the maximum 

theoretical efficiency of photosynthesis.  Starting with incoming shortwave radiation, 51.3% 

falls outside the 400-700 nm band that can be absorbed by chlorophyll.  Of this available 

energy, about 10% is reflected (pigments do not absorb all wavelengths equally), with the 

remainder absorbed.  Of absorbed energy, 15% is lost because shorter-wavelength photons 

contain more energy than is required for charge separation.  A further 66% loss is incurred 

during electron transport between charge separation and production of the primary 

carbohydrate, glucose.  Combining these efficiencies and assuming no respiration or 

photorespiration, the maximum conversion efficiency of photosynthesis stands at 12.6%, 

remarkably similar to current-generation photovoltaics.  Given the high manufacturing cost 

(and associated energy inputs) of photovoltaics, efforts to improve the efficiency of solar 

biofuels are strongly justified. 

1.2 - Organisms and Fuels 
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 In theory, any organism capable of oxygenic photosynthesis can be harnessed for 

biofuel production.  These organisms comprise two broad groups:  unicellular microalgae 

(encompassing cyanobacteria and eukaryotic algae) and multicellular higher plants.  Plants have 

an advantage in terms of production costs, but require arable land and have lower maximal 

conversion efficiencies as energy is required to produce unharvestable roots and to transport 

nutrients.  Microalgae are simpler, potentially more efficient, and can be grown in ponds and 

bioreactors on marginal land.  Much shorter generation times and ease of genetic manipulation 

also make microalgae the obvious choice for genetic engineering to enhance photosynthetic 

efficiency and biofuel production. 

 Fuel production strategies can also be divided into two groups:  those that harvest and 

process biomass into a usable fuel, and those that harvest a fuel secreted by the organism.  This 

is akin to a comparison between beef and dairy cattle, and the latter process has been 

described as “milking” (9).  Biomass processing includes all current energy crops as well as algal 

biodiesel.  Milking is currently under pilot development by at least one corporation (10) and is 

the focus of intensive academic research.  The milking approach has significant efficiency 

advantages (11), both because the conversion of sunlight to non-useful biochemicals is 

minimized and because the energy-intensive step of concentrating and processing biomass is 

eliminated. 

 Algae and cyanobacteria can be engineered to produce a wide range of fuels, using both 

native and heterologous metabolic pathways.  Cyanobacteria have been modified to produce 

ethanol (12-14), 1-butanol (15), isobutanol (16), and 2,3-butanediol (17) from photosynthetic 
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carbohydrates via fermentative pathways.  Joule Unlimited has patented a metabolic pathway 

that reduces endogenous fatty acids to alkanes which are then secreted (10).  Cyanobacteria 

can be engineered to secrete carbohydrates (18) or to autolyze, releasing fatty acids (19, 20).  

Finally, many species of algae and cyanobacteria are naturally capable of producing gaseous 

hydrogen, bypassing the carbon fixation step (21, 22). 

 Hydrogen is particularly promising for several reasons.  By eliminating the need for 

carbon fixation, the rate limitation imposed by low atmospheric CO2 concentrations is 

effectively removed.  As a gas with low solubility, hydrogen readily diffuses out of the liquid 

phase, eliminating the need for media cycling to harvest products.  Finally, by directly utilizing 

the reductant (NADPH or ferredoxin) produced by photosystem I, hydrogen offers greater 

simplicity in terms of metabolic pathway engineering and potentially higher efficiency through 

avoidance of chemical conversion steps. 

1.3 - Solar Biohydrogen 

 The ability of some algae and cyanobacteria to produce molecular hydrogen was 

discovered over 70 years ago (23), although attempts to harness this phenomenon as an energy 

source did not begin until the 1980s (22), with the majority of work carried out in the past 

fifteen years following the advent of genomic sequencing and genetic engineering.  Hydrogen is 

produced by two classes of enzymes, nitrogenases and hydrogenases, using reductant 

generated from respiration, fermentation, or photosynthesis.   

 In diazotrophic cyanobacteria, nitrogenase enzymes catalyze the nitrogen fixation 

reaction (24): 
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N2 + 8 H+ + 8 𝑒− + 16 ATP →  2 NH3  + H2 + 16 ADP + 16 P𝑖  

While this reaction is essentially irreversible, it has a high ATP and electron requirement that 

imposes a 60% energy loss (25), bringing maximum theoretical efficiencies (light to hydrogen) 

down around 5% or less.  Despite this disadvantage, observed hydrogen yields from 

cyanobacteria to date have been greater using the nitrogenase pathway than the hydrogenase 

pathway (26).  Most diazotrophic cyanobacteria possess an uptake-biased hydrogenase to 

recapture the energy in the produced hydrogen, and deletion of this hydrogenase gene greatly 

improves hydrogen yield (27, 28).   

 Hydrogenases, found in both algae and cyanobacteria, catalyze the reversible reaction: 

2 H+ + 2 𝑒−  ↔  H2 

Three phylogenetically distinct classes of hydrogenases are known, identified by the metal ions 

in their active sites as (Fe), (NiFe), and metal-free (29).  Of these, (NiFe) hydrogenases are found 

in cyanobacteria while (Fe) hydrogenases are found in algae.  These enzymes fulfill two primary 

roles.  The first, limited to diazotrophic cyanobacteria, is to recapture the hydrogen produced 

by nitrogen fixation (24).  The second, common across algae and cyanobacteria, is as an 

“electron valve” in anaerobic conditions, allowing for release of low-potential electrons from 

photosynthesis and/or fermentation (30, 31).  Supporting this, hydrogenases fulfilling the latter 

role are found primarily in freshwater and intertidal species which are regularly exposed to 

anoxia (32, 33).   

 Compared to (NiFe) hydrogenases, (Fe) hydrogenases generally have lower oxygen 

tolerance offset by higher catalytic rates and a stronger bias toward production vs. oxidation of 
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hydrogen (31).  Production/oxidation bias is determined by rate-limiting steps in the electron-

transfer relay (34) as well as by the redox equilibrium of molecular hydrogen and the 

interacting electron carrier: NAD(H), NADP(H), or ferredoxin.  At standard conditions, pH 7.0, 

the relevant potentials are -0.421 V for H2/H+, -0.320 V for NADH/NAD+, -0.324 V for 

NADPH/NAD+, and -0.398 to -0.420 for ferredoxin variants (35).  As a consequence, 

cyanobacterial NAD(P)(H)-utilizing (NiFe) hydrogenases require near complete (ca. 99.9%) 

reduction of the NAD(P) pool to drive hydrogen production and are more vulnerable to product 

inhibition (36), while hydrogen production is more thermodynamically favorable for algal 

ferredoxin-utilizing (Fe) hydrogenases. 

 Net evolution of hydrogen from algae and cyanobacteria is detectable in nature (37), 

but yields are far too low to be of commercial interest.  A major breakthrough occurred in 2000 

when Melis and colleagues discovered that sulfur starvation in the presence of acetate triggers 

continuous high-rate photoproduction of hydrogen in the alga Chlamydomonas reinhardtii (38).  

In the absence of sulfur, the high-turnover D1 protein in Photosystem II is not replaced, 

allowing respiratory oxygen consumption to outpace photosynthetic oxygen evolution leading 

to anaerobiosis in the light.  The (Fe) hydrogenase then serves as the primary sink for electrons 

from both photosynthesis and fermentation (39).  Hydrogen production can also be achieved in 

the absence of acetate, using endogenous carbohydrate stores to drive respiration (40). 

1.4 - Hydrogenase Oxygen Sensitivity 

 The most formidable challenge to the development of solar biohydrogen is oxygen 

sensitivity of the hydrogenase enzymes.  Nature has evolved enzymes that both produce and 
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consume hydrogen in the absence of oxygen, and the so-called Knallgas bacteria possess 

hydrogenases capable of oxidizing hydrogen under atmospheric O2 levels, allowing them to 

utilize hydrogen as a source of low-potential electrons (41).  To date, no hydrogenase enzymes 

optimized for hydrogen production under aerobic conditions have been discovered.  This is not 

surprising, as production of hydrogen in the presence of oxygen represents an energy waste 

that would be selected against.   

 Engineering an active, oxygen-tolerant, hydrogen-evolving enzyme has become the holy 

grail of solar biohydrogen research, with multiple groups pursuing both directed and random 

mutagenesis approaches.  Initial attempts aimed to mimic the sensor (NiFe) hydrogenase of 

Ralstonia eutropha, constricting the gas channel to allow the passage of hydrogen but not the 

larger oxygen molecule (42, 43).  While this approach successfully enhanced oxygen tolerance, 

it also reduced the rate of hydrogen diffusion, increasing Km(H2) and decreasing catalytic rate.  

Examination of a large series of these mutants suggested that gas channel manipulations alone 

could not produce an enzyme with sufficient activity and oxygen tolerance (44).   

More recently it has been shown that naturally oxygen tolerant (NiFe) hydrogenases 

contain a unique proximal Fe-S cluster capable of delivering two electrons to the active site in 

rapid succession upon binding of oxygen (45-50), preventing the formation of an inactive state 

with a bound peroxide species.  Following this discovery, directed substitution of residues 

coordinating the proximal Fe-S cluster in O2-sensitive hydrogenases proved successful in 

dramatically increasing oxygen tolerance (51, 52), though not to the point required for 

hydrogen evolution under atmospheric oxygen levels.  Several labs have developed high-
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throughput screening assays for identification of oxygen-tolerant hydrogenases in vivo (53) or in 

vitro (54).  The in vitro assay was successfully used to identify (Fe) hydrogenases with increased 

tolerance to oxygen (55), although these hydrogenases did not retain oxygen tolerance during 

in vivo hydrogen evolution.   

 It remains to be shown whether an oxygen-tolerant, hydrogen-evolving enzyme can be 

produced, or whether electron leakage to oxygen and/or oxygen damage to the active site will 

keep this holy grail out of reach.  Similar extensive attempts to optimize the CO2 specificity of 

RuBisCO met with very limited success, and it was ultimately suggested that the solution honed 

by over two billion years of evolution was already optimized and could not be substantially 

improved (56).  The intractability of the oxygen tolerance problem has spurred research into 

“indirect” biophotolysis, in which hydrogen production is temporally or spatially separated from 

oxygenic photosynthesis.  Meanwhile, owing to its greater potential efficiency, research 

continues to improve the direct pathway, in which photosynthetic electrons from water 

splitting are delivered to the hydrogenase. 

1.5 - Indirect Biophotolysis 

 Compared to direct biophotolysis, fixing carbon and later converting these 

carbohydrates to hydrogen imposes a reduction of theoretical efficiency of at least 30%, down 

to around 8% sunlight-to-hydrogen (25).  On the upside, separation of oxygen and hydrogen 

evolution avoids the production of combustible gas mixtures and may simplify hydrogen 

purification.  Three general strategies have been employed:  temporal separation, micro spatial 

separation, and macro spatial separation. 
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 The simplest approach is to follow natural patterns of anaerobiosis and hydrogen 

production, fixing carbon during the day and producing hydrogen in anaerobic conditions at 

night.  A key challenge here is to force cells to store carbon in hydrolysable storage molecules 

rather than growing and dividing.  Following initial reports that sulfur starvation enhanced 

hydrogen production in cyanobacteria (57), Burrows and colleagues simultaneously limited key 

nutrients at varying levels, ultimately identifying a media formulation with decreased sulfur and 

nitrogen and increased carbon that dramatically increased glycogen storage, with a 

corresponding 148-fold increase in fermentative hydrogen production over cells deprived of 

sulfur alone (58).  Dickson et al. (59) used a different approach, encapsulating cells in silica gel 

to physically constrain growth.  A major unresolved challenge to practical application is 

enhancing the rate of dark fermentation and hydrogen production; cells naturally conserve 

energy in darkness and hydrogen production proceeds slowly over 7-8 days until internal 

energy reserves are exhausted (9). 

 Micro-scale spatial separation takes advantage of heterocysts: differentiated cells 

formed by some species of diazotrophic cyanobacteria to prevent oxygen inactivation of 

nitrogenase, another O2-sensitive enzyme.  In these species, carbohydrates are shuttled from 

cells performing oxygenic photosynthesis to adjacent microaerobic heterocysts.  Nitrogenase-

catalyzed hydrogen production is limited by high energy demand, restricting the potential of 

unmodified systems.  However, attempts are underway to heterologously express a (Fe) 

hydrogenase in heterocysts, potentially boosting hydrogen yield (60). 
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 Macro-scale spatial separation involves a two- or three-stage process.  In the three-

stage version, algae or cyanobacteria perform oxygenic photosynthesis to fix carbon.  This 

biomass is then continuously harvested and fed to a dark anaerobic fermentation reactor, 

producing hydrogen, methane, and organic acids.  Finally the acids are fed to a 

photofermentation reactor where nonoxygenic photosynthetic bacteria use organic acids as 

electron donors for photosynthesis and hydrogen production (61).  In the simpler two-stage 

version, photofermentation is omitted, with microalgal biomass provided to dark fermentation 

for production of hydrogen.  These systems effectively separate oxygen and hydrogen 

evolution, and they have the further advantage of concentrating hydrogen evolution in a small 

area, permitting microalgae to be cultivated in less expensive open ponds rather than enclosed 

bioreactors. 

1.6 - Direct Biophotolysis 

 Direct biophotolysis, while challenging, offers the highest potential sunlight-to-hydrogen 

conversion efficiencies and is the primary focus of this work.  Although eukaryotic algae are 

capable of direct biophotolysis when respiratory oxygen consumption exceeds photosynthetic 

oxygen evolution, and a large number of studies have aimed to understand and optimize the 

process (e.g. 38-40, 62-80), we focus primarily on cyanobacteria which are simpler and more 

amenable to genetic manipulation.  Due to broad-scale similarity of photosynthetic light and 

dark reactions, most improvements developed in cyanobacteria will be applicable to increasing 

hydrogen production in eukaryotic algae as well. The primary challenges facing direct 
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biophotolysis include oxygen sensitivity, light utilization efficiency, inhibition by the proton 

gradient, and competition for reductant.   

Even in the absence of an oxygen-tolerant hydrogenase, a number of strategies can be 

implemented to maintain low oxygen levels, albeit at an energy cost.  These include adding 

electron donors (e.g. acetate) to enhance respiratory oxygen consumption (38), simple Henry’s 

Law partitioning with a large headspace (81), and active sparging with inert gas to remove 

hydrogen and oxygen as they are produced (9).  Chemical oxygen scavengers such as 

glucose/glucose oxidase and sodium dithionite are used frequently at a laboratory scale (82, 

83), though this approach would not be economically or energetically feasible on an industrial 

level (84). 

 Algae and cyanobacteria have evolved to make optimum use of attenuated light in 

aquatic environments.  As a result, they contain oversized light harvesting antennae which are 

saturated at around 10% of direct solar irradiance.  This results in loss of efficiency in mass 

culture, as cells in the upper layers absorb more light than can be utilized through 

photosynthesis.  A number of strains with truncated light harvesting antennae have been 

examined in both algae in cyanobacteria (85-88).  In algae, these strains exhibit higher mass 

culture productivity (89) and higher hydrogen production (90) under high light.  However, 

similar mutations to light-harvesting phycobilisomes in cyanobacteria have so far resulted in 

lower productivity at all light levels (91).  

 Reduction of CO2 to carbohydrate requires 24 electrons (carried by 12 NADPH) and 18 

ATP hydrolysis reactions per unit of glucose produced.  Photosynthetic electron transport 
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supplies both:  electrons from photosystem II water splitting and a transthylakoid proton 

gradient which is utilized by the F0F1 ATPase (ATP synthase) to generate ATP.  As hydrogenase-

mediated hydrogen production requires electrons but no ATP, electron flow could be limited by 

an unrelieved proton gradient.  In both algae and cyanobacteria, hydrogen production is 

enhanced by the ionophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) (77, 92-94), 

which allows protons to pass freely across the thylakoid membrane.  However, as CCCP has 

multiple effects including inhibition of PSII (95) and acceleration of respiratory oxygen 

consumption (96), it is difficult to isolate the effect of the proton gradient alone.  Furthermore, 

as protons are a reactant in the hydrogenase reaction, hydrogen production is favored at lower 

pH.  Therefore apparent inhibition due to the proton gradient may also be attributed to 

increased cytoplasmic pH as protons are pumped into the thylakoid lumen; indeed it has been 

noted that artificial lowering of cytoplasmic pH generates a comparable increase in hydrogen 

production to addition of CCCP (93). 

 Competition for reductant represents a major challenge to photobiological hydrogen 

production, as growth-related pathways preferentially consume low-potential electrons.  

Furthermore, this competition presents a unique opportunity to enhance hydrogen production 

by genetic engineering, optimizing electron flux to hydrogenase while permitting cell survival.  

Two broad strategies can be applied, alone or in combination: increasing electron flux from 

photosystem I (PSI) to hydrogenase or decreasing electron flux to competing pathways.   

 Several attempts to directly increase PSI-hydrogenase electron transfer have engineered 

PSI-hydrogenase linkages.  These have included hydrogenase gene fusion with the PsaE subunit 
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of PSI (97-99), cross-linking PsaE to hydrogenase through cytochrome C3 (100), and 

construction of a “molecular wire” to transfer electrons from PsaE to hydrogenase (101, 102).  

While several of these systems exhibited dramatic improvements in light-driven hydrogen 

production in vitro, to date in vivo assembly and function of a PSI-hydrogenase fusion has not 

been achieved. 

 In 2004, Cournac and colleagues discovered that a cyanobacterial mutant impaired in 

cyclic electron flow and carbon fixation was capable of continuous hydrogen photoproduction 

(103), something never observed in wild-type cells.  This paved the way for additional research 

to enhance cyanobacterial photohydrogen by downregulation of competing pathways.   

1.7 - Competing Electron Flow Pathways 

 At least 30 cyanobacterial redox enzymes utilize reducing equivalents carried by NADPH 

or ferredoxin (104).  Only a few of these, however, account for the majority of photosynthetic 

electron flux and are thus candidates for downregulation to enhance hydrogen production.  

These major pathways are shown in Figure 4-1 (p. 87) and discussed individually below. 

1.7.1 - Cyclic Electron Flow around Photosystem I 

 Cyclic electron flow involves the transfer of electrons from ferredoxin or NADPH to 

plastoquinone, with concomitant pumping of protons across the thylakoid membrane.  It is 

present in all oxygenic phototrophs and serves to balance the ratio of reductant to ATP.  In 

cyanobacteria, this pathway also drives carbon concentration (105), and it can serve as an 

electron valve to prevent overreduction on the acceptor side of PSI with electrons ultimately 

vented to oxygen through respiratory terminal oxidases (106).   
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 Cyclic electron flow operates through two primary enzyme complexes: NDH-1 (NADPH-

plastoquinone oxidoreductase) and FQR (ferredoxin-plastoquinone oxidoreductase) (107).  

Other electron inputs to the plastoquinone pool, including succinate dehydrogenase (SDH) and 

NDH-2, function primarily in respiration but may be indirectly involved in cyclic electron flow 

(108).  Cyanobacteria contain multiple NDH-1 isoforms.  These isoforms include low- and high-

affinity carbon concentrating mechanisms as well as isoforms that do not perform carbon 

concentration (105, 109, 110), and they are differentially regulated in response to redox stress 

(111, 112) and carbon availability (113).  The NdhB subunit is essential to all NDH-1 isoforms, 

and deletion of this gene in the M55 mutant of Synechocystis sp. PCC 6803 yields a phenotype 

characterized by a high inorganic carbon requirement and an inability to grow 

photoheterotrophically on glucose (114).  Whereas illumination of wild-type cells under 

anaerobic conditions yields a brief (10-30 s) spike in hydrogen production followed by hydrogen 

uptake, M55 cells produce hydrogen continuously in the light (103).  The effect of FQR deletion 

on hydrogen production has not been examined. 

1.7.2 - Nitrate Reduction 

 Cyanobacteria are capable of using nitrate, nitrite, ammonium, and in some cases N2 gas 

as nitrogen sources (115).  The reduction of nitrate to ammonium via nitrate reductase (NarB) 

and nitrite reductase (NirA) requires eight electrons from ferredoxin, and inactivation of this 

pathway using either metal ion limitation (116) or gene deletion (117) results in enhanced 

photohydrogen production.  Substitution of ammonium for nitrate in growth media also 

eliminates this electron flow pathway, increasing hydrogen production (58).   
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1.7.3 - Carbon Fixation 

 In wild-type cells under normal conditions, carbon fixation via the Calvin-Benson cycle is 

the primary sink for photosynthetic electrons.  While RuBisCO (ribulose 1,5-bisphosphate 

carboxylase-oxidase) catalyzes the CO2 fixation step, electron transfer occurs two steps later in 

the reduction of 1,3-bisphosphoglycerate to glyceraldehyde 3-phosphate by the enzyme 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  Cyanobacteria contain two isoforms of 

this enzyme:  Gap1 is bidirectional and functions primarily in glycolysis while Gap2 is reduction-

biased and functions primarily in the Calvin Cycle (118).  Gap1 deletion mutants grow normally 

under photoautotrophic conditions but fail to grow on glucose under dim light.  Gap2 deletion 

mutants exhibit the reciprocal phenotype, growing on glucose under dim light but not under 

photoautotrophic conditions.  These mutants have not been examined for hydrogen 

production. 

 Elimination of electron flow to carbon fixation can also be accomplished by carbon 

limitation.  Although the NdhB deletion mutant M55 is not impaired in electron transfer to the 

Calvin Cycle, disruption of the cyclic electron flow-dependent carbon concentrating mechanism 

results in a phenotype incapable of utilizing CO2 at atmospheric concentrations.  Thus it is 

possible to restrict electron flow to carbon fixation without directly manipulating Calvin Cycle 

enzymes, which is useful as mutants deficient in Calvin Cycle enzymes are incapable of 

photoautotrophic growth. 

 

 



                                                  16  

 

1.7.4 - Mehler Reaction 

 Cyanobacteria, algae, and higher plants all possess an electron valve on the acceptor 

side of PSI known as the Mehler reaction (119).  This reaction shunts electrons from ferredoxin 

and/or NADPH back to oxygen in the event that photosynthetic reductant production exceeds 

physiological demand, or in order to balance the ratio of reductant to ATP production.  In 

cyanobacteria, this reaction is catalyzed by the Flv1-Flv3 heterodimer (120) and can consume 

up to 40% of linear photosynthetic electron flow (121).  Mutants deficient in either Flv1 or Flv3 

grow normally under constant light but are unable to grow under fluctuating light regimes 

(122), suggesting that the Mehler reaction is essential for venting excess reductant during dark-

to-light transitions.  While the Mehler reaction requires oxygen and thus will not compete with 

hydrogen production under purely anaerobic conditions, competition may be observed in the 

presence of low levels of O2. 

1.7.5 - Terminal Oxidases 

 Cyanobacteria possess three respiratory terminal oxidases associated with the 

combined photosynthetic/respiratory electron transport chain: a quinol oxidase (Cyd) and two 

isoforms of cytochrome oxidase (Cta1/Cta2), of which Cta1 is much more active (123).  These 

enzymes have a very high affinity for oxygen, with Km(O2) calculated at 1 µM for Cta1 and 0.35 

µM for Cyd (123), creating the possibility of competition with hydrogen production under 

microaerobic conditions (less than 0.1% O2).  Under conditions of high light and low reductant 

demand, these oxidases can vent photosynthetic electrons upstream of PSI, and in the presence 

of cyclic electron flow they can also indirectly serve as a sink for reductant on the acceptor side 
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of PSI (Fig. 4-1).  Deletion mutants of these oxidases, including the triple mutant, are capable of 

growth under continuous light, and hydrogen production during dark-to-light transitions 

exceeds wild-type levels but remains transient unlike the NdhB deletion mutant M55 (116).  All 

three terminal oxidases are inhibited by potassium cyanide (KCN) (124), allowing for chemical 

simulation of genetic knockouts. 

1.7.6 - Photosynthetic State Transitions 

Although state transitions do not compete with hydrogen production per se, this 

phenomenon does have a profound effect on electron flow pathways and thereby on hydrogen 

production.  Like algae and higher plants, cyanobacteria are capable of modifying the 

proportion of excitation energy transferred from phycobilisome (PBS) antennae to PSII and PSI 

(125).  Cells are said to be in State 1 when energy is preferentially directed to PSII and in State 2 

when energy is preferentially directed to PSI.  State transitions are regulated by the redox 

potential of the plastoquinone pool, with reduction favoring State 2 and oxidation favoring 

State 1 (125).  The two states represent endpoints of a spectrum of energy distribution that can 

be monitored by chlorophyll fluorescence (126), with a State 2 to State 1 transition observed as 

a slow fluorescence rise following illumination (127).  In additional to PBS movement, redox-

regulated redistribution of enzyme complexes in the thylakoid membrane may influence the 

relative rates of competing electron transfer pathways (128) with a bearing on hydrogen 

production. 
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1.8 - Maximizing Hydrogen Production 

 Our primary objective in this project was to determine if direct photobiological 

hydrogen production in cyanobacteria could be enhanced through elimination and/or 

downregulation of competing electron flow pathways.  In pursuit of this goal, we also 

developed and characterized an inducible/repressible switch for gene expression in 

Synechocystis sp. PCC 6803 and elucidated major photosynthetic electron flow pathways in 

anaerobic and microaerobic conditions.  In Chapter 2, we used a fluorescent reporter to 

characterize gene expression from four versions of the nitrate-inducible nitrite reductase (nirA) 

promoter, revealing a wide range of maximal activity and induction ratio values.  In Chapter 3, 

we applied three of these promoters to regulation of the ndhB gene, which codes for an 

essential component of the NDH-1 complex responsible for cyclic electron flow.   The resulting 

strains were characterized in terms of growth and hydrogen production kinetics under nirAp-

inducing and nirAp-repressing conditions.  In Chapter 4, we examined electron flow pathways to 

identify potential future improvements, evaluating the effect of uncouplers, electron donors, 

PSII inhibitors, oxygen scavengers, and terminal oxidase inhibitors on direct photobiological 

hydrogen production from the strains produced in Chapter 3.  Taken together, these 

investigations advance both our toolkit for cyanobacterial biotechnology and our understanding 

of competing photosynthetic electron flows with relevance to optimizing production of 

hydrogen, biofuels, and bioproducts. 
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2.1 - Abstract 

Cyanobacterial biotechnology requires precise control of gene expression, whereas to 

date most inducible promoters have been examined only as on-off switches.  We used an EYFP 

fluorescent reporter construct to characterize four versions of the nitrate-inducible, 

ammonium-repressible nirA promoter in Synechocystis sp. PCC 6803.  These four promoters 

differed in induced activity, with approximate ratios of 22 : 5 : 2.5 : 1, and also differed in 

baseline expression.  Two of the promoters could be “tuned” to intermediate expression levels 

by varying nitrate and ammonium concentrations, and three of the four promoters required 

light for induction.  This family of promoters presents an opportunity to express genes at 

different levels in response to the same stimulus, which will prove useful as strains are 

engineered to switch between growth and biofuel/bioproduct production. 

2.2 - Introduction 

Cyanobacteria, the simplest photosynthetic organisms, can be engineered to produce 

biofuels and useful organic compounds from sunlight, CO2, and mineral nutrients (1-3).  In all 

cases, this requires redirection of energy and metabolite flows from pathways optimal for 

biomass accumulation to pathways optimal for production of the desired compound.  While 

some success can be achieved by manipulating nutrient availability and growth conditions (e.g 

(4)), an optimal solution will likely require up- and down-regulation of key enzymes. 

 Rational metabolic engineering requires controlling transcription of both native and 

heterologous genes.   Nonessential genes can be deleted, and the PpsbA2(5) and PrbcL (6) 

promoters have been used for constitutive overexpression.  In many cases, however, it is 
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desirable to be able to modulate gene expression with inducible promoters such that strains 

can be switched between phases of production and normal growth.  A number of inducible 

promoters have been utilized for regulated gene expression in cyanobacteria.  These include 

the copper-inducible PpetE (7, 8), copper-repressible PpetJ (9), low iron-inducible PisiAB (10), IPTG-

inducible Ptrc (11-14) or Plac (14-17), nitrate-inducible PnirA (18-20), low carbon-inducible PsbtA 

and PcmpA (6), nickel-inducible PnrsB (21-23), and several toxin-response promoters upregulated 

in response to cadmium, cobalt, zinc, and arsenite ions (21, 23). 

An ideal promoter for large-scale application should be activated by a low-cost stimulus 

with minimal metabolic effect on the cell aside from activating or repressing the target 

promoter.  The nitrate-inducible nirA (nitrite reductase) promoter is particularly promising in 

this regard, as many strains of cyanobacteria can utilize both nitrate and ammonium salts as 

nitrogen sources (24, 25).  Both the native Synechocystis sp. PCC 6803 nirA promoter (19) and 

the nirA promoter from Synechococcus elongatus PCC 7942 (20) have been successfully applied 

to transgene expression in model cyanobacterium Synechocystis sp. PCC 6803.  However, these 

two nirA promoters have never been compared or fully characterized in terms of baseline 

expression and dynamic range. 

The nirA promoter sequence contains binding sites for global nitrogen regulators NtcA 

and NtcB, both of which are required for full activation (26).  In Synechococcus elongatus PCC 

7942, the promoter contains an additional upstream NtcA binding site, without which induction 

by nitrate is significantly reduced (27).  Thus it seems plausible that addition of a second NtcA 

binding site to the Synechocystis sp. PCC 6803 promoter could enhance activation by nitrate.   
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Huang et al. (28) recently used a BioBrick approach to develop a vector, pPMQAK1, 

containing a promoterless enhanced yellow fluorescent protein (eYFP) reporter gene.  We used 

this vector to characterize four different nirA promoters in Synechocystis sp. PCC 6803: the 

native nirA promoter, the nirA promoter from Synechococcus elongatus PCC 7942, and two 

engineered native nirA promoters with added transcription factor binding sites.  We assessed 

baseline expression with ammonium, elevated expression with nitrate, expression levels with 

varying nitrate and ammonium concentrations, and response to differing light regimes.  We 

included two promoter-reporter constructs utilized by Huang et al. (28) to provide a reference 

for comparison to the promoters previously examined using the same vector. 

2.3 - Materials and Methods 

2.3.1 - Strains and Culture Conditions 

 Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942 were grown in 

modified BG-11 media at pH 7.5 under continuous illumination of 40-60 µE m-2 s-1.  Co(NO3)2 

was replaced with equimolar CoCl2, ferric ammonium citrate was replaced with equimolar ferric 

citrate, and sodium nitrate was omitted from the base media.  Plates contained 1.5% agar, 0.3% 

sodium thiosulfate, and 17.6 mM ammonium chloride.  Liquid media was amended with 20 mM 

HEPES, 10 mM sodium bicarbonate, and 5 mM of either sodium nitrate or ammonium chloride. 

Cells were grown in 20 ml volumes in 50 ml Erlenmeyer flasks shaken at 95 rpm.  Kanamycin (50 

µg/ml) was added to cultures carrying the pPMQAK1 plasmid and derived vectors.  E. coli 

strains were grown in LB media in 10 ml volumes in glass tubes with shaking at 250 rpm, and on 
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LB plates amended with 15 g/l agar.  Ampicillin (100 µg/ml), kanamycin (50 µg/ml), and X-gal 

(20 µg/ml) were added as appropriate for each culture type. 

2.3.2 - Promoter Preparation 

 All PCR amplifications utilized Pfu polymerase with an initial denaturation step of 5 

minutes at 95 ºC, followed by 35 cycles of 30 seconds at 95 ºC, 30 seconds at 55 ºC, and 60 

seconds at 72ºC on a Bio-Rad C1000 thermocycler (Bio-Rad, Hercules, CA).  All oligonucleotides 

were obtained from Integrated DNA Technologies (IDT, Coralville, IA) and are shown in Table 2-

1.  All transformations utilized E. coli strain DH5α (Life Technologies, Grand Island, NY).  

The four nirA promoters are shown aligned in Fig. 2-1.  The nirA promoter from 

Synechococcus elongatus PCC 7942 (PnirA-7) was amplified using primers p7942_F and 

p7942_R_SpeI and digested with EcoRI (cutting at a native site just downstream of the forward 

primer) and SpeI.  The nirA promoter from Synechocystis sp. PCC 6803 (PnirA-6) was amplified 

using primers P6803_F_EcoRI and P6803_R_SpeI and digested with EcoRI and SpeI.  Promoter 

PnirA-6A was amplified using primers P6803_F_NtcA_XbaI (containing an added NtcA binding 

site) and P6803_R_XbaI and digested with XbaI.   

To create promoter PnirA-6M, a truncated form of the Synechocystis  sp. PCC 6803 nirA 

promoter was amplified using primers P6803_F_BamHI_2 and P6803_R_XbaI, and digested 

with BamHI and XbaI.  A 54-bp fragment containing the added NtcA and putative NtcB binding 

sites with upstream EcoRI-compatible and downstream BamHI-compatible overhangs was 

created by annealing oligos Mod6803_F and Mod6803_R in duplex buffer (100 mM potassium 

acetate, 30 mM HEPES, pH 7.5).  This fragment was cloned into plasmid pGEM-3z at the EcoRI  
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Table 2-1.  Oligonucleotides used in this study.  Added restriction sites are underlined.  Other 

nonhomologous regions are italicized.  Added NtcA binding sites are in bold. 

Name Sequence 5’-3’ Purpose  

P7942_F CGCTGCTGAAATGAGCTGGA 

Synechocococcus elongatus 
PCC 7942 nirA promoter 
forward primer (native EcoRI 
site downstream) 

P7942_R_SpeI GAGAGAACTAGTTGGATTCATCTGCCTACAAAGC Reverse primer with SpeI site 

P6803_F_EcoRI GAGAAGAATTCGGACTTCATTGATCCTTGCCT 

Synechocystis sp. PCC 6803 
nirA promoter forward 
primer with EcoRI site 

P6803_R_SpeI GAGAGAACTAGTCTTCAAGCCAGATAACAGTAGAGA Reverse primer with SpeI site 
P6803_R_XbaI GAGAATCTAGACTTCAAGCCAGATAACAGTAGAGA Reverse primer with XbaI site 

P6803_R CTTCAAGCCAGATAACAGTAGAGA 
Reverse primer to check for 
correct direction of insertion 

P6803_F_BamHI_2 GAGAAGGATCCTGCGTAAACTGCATATGCCTTG 

Synechocystis sp. PCC 6803 
partial nirA promoter FP with 
BamHI site 

Mod6803_F 
AATTCAGCTCAAAAAGTAATTTACGTTACTTAATGTTTGT
TCTGCGCAAACG 

Second NtcA and possible 
NtcB binding site for 
promoter “M68”, forward 
strand 

Mod6803_R 
GATCCGTTTGCGCAGAACAAACATTAAGTAACGTAAATT
ACTTTTTGAGCTG 

Second NtcA and possible 
NtcB binding site for 
promoter “M68”, reverse 
strand 

P6803_F_NtcA_XbaI 

GAGAATCTAGATAATGATGAGTAATTTACGTTACATGTT
TAACAAAATTTAACGC 

Forward primer to add 
second NtcA binding site for 
promoter “A68” 

pSB1AX_F 

GCTTTCGCTAAGGATGATTTCTGG Forward primer to check for 
promoter insertion in 
pSB1A2 

pSB1AX_R 

CGAGTCAGTGAGCGAGGAAG Reverse primer to check for 
promoter insertion in 
pSB1A2 

pGEM-3z_F GACGTTGTAAAACGACGGCC 
Forward primer to check for 
insertion in pGEM-3z 

pGEM-3z_R ACGCCAAGCTATTTAGGTGACA 
Reverse primer to check for 
insertion in pGEM-3z 

pPMQAK1_F AAAAGTGCCACCTGACGTCT 

Forward sequencing primer 
to check for insertion in 
pPMQAK1 

pPMQAK1_R CGAGTCAGTGAGCGAGGAAG 

Reverse sequencing primer 
to check for insertion in 
pPMQAK1 
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and BamHI sites to create plasmid pGEM-Mod6803.  The truncated promoter was then cloned 

into pGEM-Mod6803 at the BamHI and XbaI sites to create plasmid pGEM-68M, and the 

complete promoter PnirA-6M was excised with EcoRI and XbaI.   

 

Figure 2-1.  Alignment of four nirA promoters examined in this study.  Both PnirA-6M and PnirA-6A 

have a second NtcA binding site added upstream.  PnirA-6A preserves the putative upstream 

NtcB binding site from the Synechocystis sp. PCC 6803 nirA promoter, while in PnirA-6M this 

region is replaced by the upstream NtcB binding site from the Synechococcus elongatus PCC 

7942 nirA promoter.   
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2.3.3 - Creation of Promoter-Reporter Constructs 

Plasmids pSB1A2-eYFP, pSB1A2-PrnpB::eYFP, pSB1A2-Ptrc1O::eYFP (all in E. coli DH5α) and 

pPMQAK1-ccdB (in E. coli DB3.1) were supplied by Professor Peter Lindblad (Dept. of 

Photochemistry and Molecular Science, Uppsala University, Uppsala, Sweden).   

 Promoters PnirA-6, PnirA-7, and PnirA-6M were cloned into pSB1A2-eYFP at the EcoRI and 

XbaI sites, with correct insertion verified by colony PCR with primers pSB1AX_F and pSB1AX_R.  

Promoter PnirA-6A was cloned into pSB1A2-eYFP at the XbaI site, with correct directional 

insertion verified by colony PCR with primers pSB1AX_F and P6803_R.  Promoter-eYFP 

constructs were excised with EcoRI and PstI, gel-purified, and cloned into plasmid pPMQAK1, 

replacing the ccdB fragment, to create plasmids pPMQAK1-6, -7, -6A, -6M, -rnpB, and –trc1O.  

Promoter-reporter constructs were sequenced at Oregon State University Core Labs using 

primers pPMQAK1_F and pPMQAK1_R, and no deviations from expected sequences were 

observed. 

2.3.4 - Conjugation into Synechocystis sp. PCC 6803 

 Triparental mating was performed as described in Elhai and Wolk (29).  E. coli ED8654 

containing the helper plasmid pRL443 were obtained from Jeff Elhai (Virginia Commonwealth 

University, Richmond, Virginia).  Briefly, 10 ml cultures of E. coli containing the cargo plasmid 

and the helper plasmid were washed, mixed, and resuspended in 200 µl LB without antibiotics.  

Wild-type Synechocystis sp. PCC 6803 cells were harvested in log phase and concentrated 400-

fold.  10 µl of this cell suspension was added to the E. coli mixture, and the entire 210 µl was 

plated on a sterile filter (Whatman 145318) on BG-11 agar without antibiotics.  After 24 hours 
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under constant illumination, the membranes were transferred to plates containing 50 µg/ml 

kanamycin for selection.  To account for possible variation in plasmid copy number and 

resultant variation in transcription levels, four distinct transconjugant colonies were selected, 

maintained, and used as experimental replicates. 

2.3.5 - Fluorescence Measurement 

 eYFP fluorescence was measured using a TECAN Infinite Pro F500 plate reader (TECAN, 

Männedorf, Switzerland) with Nunc black optical bottom plates (#265301, Nalge Nunc 

International, Rochester, NY) containing 200 µl of cell suspension.  Excitation was set to 485 nm 

(20 nm bandwidth), with emission recorded at 535 nm (25 nm bandwidth) and gain set to 41.  

Absorbance at 730 nm was measured from the same plates using a TECAN Infinite M200 plate 

reader (TECAN, Männedorf, Switzerland).  Cells were diluted to an OD730 of 0.1 in experimental 

media 24 hours prior to measurement.  All experiments included two technical replicates of 

each of three or four biological replicate samples, three or four wild-type controls, and three 

BG-11 media blanks.   

2.3.6 - Data Analysis 

 All calculations were performed in Microsoft Excel (Microsoft, Redmond, WA).  Average 

absorbance of BG-11 media blanks was subtracted from measured absorbance, and average 

fluorescence of the same blanks was subtracted from measured fluorescence.   Corrected 

fluorescence was divided by corrected absorbance to yield a fluorescence/OD730 ratio with 

arbitrary units.  Finally, fluorescence/OD730 of wild-type controls was subtracted from 

experimental samples to correct for autofluorescence of chlorophyll and other pigments.  
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Where applied, statistical comparisons between treatments used paired t-tests; the unique 

transconjugants used as experimental replicates occasionally exhibited higher or lower 

fluorescence across all treatments. 

2.4 - Results 

All four nirA promoters were repressed by ammonium and induced by nitrate (Fig. 2-2), 

although they differed substantially in terms of strength and baseline expression.  When 

induced, promoter PnirA-7 was strongest, followed by PnirA-6, PnirA-6A, and PnirA-6M in an 

approximate ratio of 22 : 5 : 2.5 : 1.  Baseline expression in ammonium media followed the 

same trend, with PnirA-7 strongest and PnirA-6M weakest.  Dynamic range varied from a high of 

16-fold difference between induced and repressed states in PnirA-7 to a low of 4-fold difference 

in PnirA-6M.  Promoter PrnpB, from Synechocystis sp. PCC 6803 RNase P subunit B, exhibited a 

similar level of expression to induced PnirA-6A, with slightly lower expression in nitrate than in 

ammonium media.  Expression from engineered strong promoter Ptrc1O was 3-4 fold higher than 

the strongest nirA promoter, induced PnirA-7, also with slightly lower expression in nitrate than 

in ammonium media. 

Varying nitrate and ammonium concentrations while keeping total nitrogen constant 

yielded differing responses from the four nirA promoters.  Addition of 0.5 mM nitrate to 

ammonium-replete media resulted in a significant 1.8-fold increase in transcription from 

promoter PnirA-7 but did not significantly increase transcription from the other three promoters 

(Fig. 2-3).  Media containing equal amounts of ammonium and nitrate yielded significant 

upregulation (1.8-fold and 2.2-fold respectively) of the PnirA-6 and PnirA-7 promoters relative to 
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baseline ammonium expression.  Full induction was achieved in media containing 0.5 mM 

ammonium and 4.5 mM nitrate for all promoters except PnirA-7, which required ammonium-free 

media for maximum expression. 

 

 

Figure 2-2.  eYFP fluorescence from four nirA promoter-reporter strains, as well as strains 

carrying the PrnpB and Ptrc1O promoters upstream of the eYFP gene, in BG-11 media containing 5 

mM ammonium chloride, and 24 hours after resuspension in BG-11 media containing 5 mM 

sodium nitrate.  Error bars represent standard deviation of four biological replicates.  To 

improve visualization across a 700-fold range of eYFP fluorescence, raw data in arbitrary units 

were normalized to noninduced PnirA-6M::eYFP fluorescence and log2 transformed.  
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Figure 2-3.  nirA promoter activity in response to varying concentrations of ammonium and 

nitrate totaling 5 mM total nitrogen.  Cells were grown in BG-11 with 5 mM ammonium and 

resuspended in experimental media for 24 hours.  Error bars represent standard deviation of 

three biological replicates. 

 

With the exception of weak promoter PnirA-6M, nitrate did not induce promoter activity 

in the absence of light (Fig. 2-4).  Cells in nitrate media exposed to 24 hours of darkness showed 

no difference in eYFP fluorescence compared to cells in ammonium exposed to 24 hours of 

continuous light.  In contrast, full nitrate induction was observed for all four promoters in a 

cycling light regime of 15 hours of light followed by 9 hours of darkness. 

 

0

10000

20000

30000

40000

50000

60000

70000

PnirA-6 PnirA-6M PnirA-7 PnirA-6A

eY
FP

 F
lu

or
es

ce
nc

e 
(a

.u
.) 

5 mM ammonium

4.5 mM ammonium, 0.5 mM
nitrate

2.5 mM ammonium, 2.5 mM
nitrate

0.5 mM ammonium, 4.5 mM
nitrate

5 mM nitrate



                                                  43  

 

 

Figure 2-4.  Response of nirA promoter activity to light regime.  Error bars represent standard 

deviation of three biological replicates.  Fluorescence units are arbitrary. 

 

For all four nirA promoters, extended cultivation in nitrate resulted in only minor 

fluorescence increases above the 24-hour value.  Following transition back to ammonium, 

fluorescence decayed over 2-3 days before stabilizing (Fig. 2-5).  For the two strongest 

promoters, we were able to roughly estimate the rate of fluorophore degradation in vivo under 

constant illumination.  Following a transition from nitrate- to ammonium-containing media, 

baseline-corrected fluorescence from strains PnirA-6::eYFP and PnirA-7:eYFP declined by 78-85% 

in one day, compared to an expected 71-74% based on fluorophore dilution from cell growth.  

From this, we determined that 57 +/- 9% of eYFP fluorophores remained active after 24 hours.   
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Figure 2-5.  Time course of nirA promoter activity during six days of growth in nitrate followed 

by four days of growth in ammonium.  The day zero measurement follows three days of growth 

in ammonium prior to the start of the experiment.  Cells were resuspended at an OD730 of 0.1 

following each measurement.  Note the order of magnitude difference in the vertical axis 

scales.  Error bars are standard deviation of four replicates. 

2.5 - Discussion 

The four nirA promoters assessed were all, as expected, induced by nitrate and 

repressed by ammonium.  However, each exhibited a unique level of baseline ammonium and 

induced nitrate expression.  Overall, the nirA promoters examined spanned a large range of 

activities, with induced PnirA-7 nearly 90-fold stronger than noninduced PnirA-6M.   

Addition of a second NtcA binding site to promoters PnirA-6M and PnirA-6A did not 

enhance expression, in contrast with observations in Synechococcus elongatus  PCC 7942, 

where deletion of the upstream NtcA binding site significantly reduced maximal expression 
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(27).  Rather, promoters PnirA -6M and PnirA-6A exhibited lower expression than PnirA-6 under 

both inducing and noninducing conditions, perhaps suggesting that an upstream region not 

present in these promoters is required for full activity.  Promoter PnirA-7, from Synechococcus 

elongatus PCC 7942, provided four-fold greater maximum activity than promoter PnirA -6, but at 

the cost of significantly increased leakiness when not induced.  This confirms the observation of 

Qi et al. (20) that the S. elongatus promoter functions and retains nitrogen regulation in 

Synechocystis sp. PCC 6803. 

Inclusion of the Ptrc1O and PrnpB promoters allows comparison with the results of Huang 

et al. (28).  Ptrc1O exhibited threefold higher expression than induced PnirA-7, the strongest nirA 

promoter tested.  Thus induced PnirA-7 appears to be similar in strength to the RuBisCO large 

subunit promoter (PrbcL-2A) examined by Huang and colleagues.  PrnpB, a constitutive promoter 

of moderate strength, roughly matched the activity of PnirA-6A.   The induced activities of the 

four nirA promoters examined appear to span a physiologically relevant range, with PnirA-7 on 

the strong side, PnirA-6 and PnirA-6A close to average, and PnirA-6M on the weaker side.  However, 

as promoter activity can be strongly affected by genomic context (30), it may be necessary to 

examine multiple nirA promoters to obtain a desired level of gene expression. 

Although nirA was not previously identified as differentially expressed during light and 

dark periods (31), we found that induction by nitrate required light.  This makes sense from a 

physiological perspective, as nitrate reduction is an energy-intensive reaction that is not 

required in darkness in the absence of carbon fixation.  Interestingly, promoter PnirA-6M, in 

which the NtcB binding region was slightly truncated, was unaffected by light regime changes, 
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perhaps suggesting that light response is modulated through NtcB rather than NtcA.  Full 

nitrate activation of all four nirA promoters was observed in an alternating light/dark regime, 

opening the door to use of PnirA in cyanobacterial solar conversion technologies. 

After correcting for baseline expression and dilution in exponentially growing cells, we 

observed a 43% (+/- 9%) decline in EYFP fluorescence over 24 hours.  With an apparent half-life 

exceeding one day, the stability of the EYFP reporter precludes its use to track dynamic changes 

in expression, unless degradation tags are added (28).  Degradation tags may also prove 

necessary when using the nirA system to drive dynamic changes in protein concentration in the 

cell.  Landry et al. (32) recently catalogued a collection of C-terminal protein degradation tags 

with widely varying activity in Synechocystis sp. PCC 6803. 

For promoters PnirA-6 and PnirA-7, expression could be modulated to a level between 

baseline and fully induced by adding mixtures of ammonium and nitrate salts.  For all nirA 

promoters, it should be possible to “tune” expression levels by regulating ammonium and 

nitrate concentrations over a wider range in a chemostat environment.  Furthermore, since 

cyanobacteria preferentially utilize ammonium even when nitrate is present (33), it should be 

possible to cycle between repression and induction using periodic ammonium additions.  

Indeed, Desplancq et al. (34) successfully applied an autoinduction protocol using the nirA 

promoter, in which cells were grown in a mixture of nitrate and ammonium and promoter 

activation occurred upon ammonium depletion. 

Many of the inducible promoters developed for cyanobacteria in a laboratory setting 

are not ideal for an industrial-scale facility.  IPTG, a synthetic allolactose analogue, becomes 
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prohibitively expensive when used at production scale (35), limiting the usefulness of the E. 

coli-derived Ptrc and Plac promoters.  Repression of PpetE or activation of PpetJ requires a near-

complete absence of copper ions (9, 23), which is challenging to achieve in the laboratory and 

nearly impossible in an industrial setting.  Promoters induced by common metal ions at low yet 

non-toxic concentrations, such as the nickel-inducible PnrsB (22, 23), may prove useful for tuning 

constant expression levels but have limited potential for dynamic expression changes due to 

the difficulty of removing these ions from reactors during cell cultivation.  The most useful 

inducible promoters in an industrial setting are modulated by a high-throughput nutrient that is 

consumed by the cells.  The only examples of this type so far characterized in cyanobacteria are 

the low-carbon-inducible PsbtA and PcmpA utilized in the Green Recovery autolysis system for 

fatty acid release (6) and the nirA promoters characterized in this study.  Using PnirA regulation 

in an industrial setting, it should be possible to achieve repression by changing the nitrogen 

feed from nitrate to ammonium.  Following a transition back to nitrate, induction will occur 

when the cells deplete the available ammonium.  By carefully monitoring nitrate and 

ammonium concentrations and controlling associated feeds, gene expression can be 

dynamically controlled. 

Additional work is needed to determine if the four nirA promoters examined here 

exhibit similar patterns of expression in other strains of cyanobacteria.  While the nirA 

promoter from Synechococcus elongatus PCC 7942 retains relatively tight regulation in 

Synechocystis sp. PCC 6803, the reverse may not be true, and the ratio of promoter strengths 

observed here may well be different in other strains.  It may also be useful to characterize nirA 
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promoters from additional cyanobacterial strains, creating a library of PnirA::eYFP expression 

vectors that can be screened to identify an optimal promoter for a particular strain and 

application. 

             2.6 - Conclusions 

To date, inducible promoters, including the nirA promoter, have been utilized in 

cyanobacteria primarily as an on-off switch for conditional expression of heterologous genes 

(18-20) or for conditional overexpression of native genes (36).  For metabolic engineering 

endeavors, such as optimizing cyanobacteria for biofuel production, it will be necessary to 

express genes at more precise levels and to adjust transcription levels as needed to transition 

from growth bias to biofuel production bias.  Our results show that different versions of the 

nirA promoter can be utilized to drive a range of transcription levels in response to the same 

stimulus. 
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CHAPTER 3 – INDUCIBLE HYDROGEN PRODUCTION IN SYNECHOCYSTIS SP. PCC 6803:  
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3.1 - Abstract 

 Cyanobacteria may be engineered to produce a wide variety of biofuels and bioproducts 

using solar energy, and this engineering generally requires up- and down-regulation of 

metabolic pathways to maximize flux through a desired pathway.  We applied multiple versions 

of a nitrate-inducible, ammonium-repressible promoter to regulation of the native ndhB gene in 

Synechocystis sp. PCC 6803, with the goal of replicating the enhanced hydrogen phenotype 

observed in ndhB deletion strain M55.  In both wild-type and flv3 (Mehler reaction) deletion 

backgrounds, these strains exhibited M55-like hydrogen production and growth rate 

suppression when cultured in ammonium media and were indistinguishable from wild-type 

when grown in nitrate media.  Elimination of the Mehler reaction did not significantly enhance 

hydrogen production under anaerobic or microaerobic conditions, although there was limited 

evidence of prolonged hydrogen evolution in the presence of oxygen.  The strains produced 

here may serve as a base for additional manipulations to enhance photobiological hydrogen, 

and the promoters examined will be widely applicable to cyanobacterial biotechnology. 

3.2 - Introduction 

 Algae and cyanobacteria present an enormous opportunity for solar biofuel production, 

as energy conversion efficiencies are much higher than terrestrial plants and facilities can be 

sited on marginal land (1).  In what might be classed as third- or fourth-generation biofuels, 

these organisms can be engineered to continuously secrete alcohols (2-6), alkanes (6), fatty 

acids (7), carbohydrates (8), or hydrogen (9, 10), eliminating the costs and energy inputs 

associated with concentrating and processing raw biomass.  In all such systems there is a need 
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to switch cells between a growth phase, in which absorbed solar energy is primarily directed 

toward biomass accumulation, and a production phase, in which absorbed energy is primarily 

directed into the desired biofuel.  In this project we develop such a switch using a nitrogen-

regulated promoter and apply it to hydrogen production in the cyanobacterium Synechocystis 

sp. PCC 6803. 

 A number of inducible promoters have been utilized for transgene expression in 

cyanobacteria, activated by IPTG (2-4, 11-13), nitrate (14-16), low carbon (17), nickel (18), or 

the presence (19) or absence (20) of copper.  Not all of these are useful in industrial 

applications, as IPTG becomes prohibitively expensive at scale (21) and complete removal of 

metal ions from growth media is seldom feasible.  An ideal promoter should be induced or 

repressed by an essential nutrient that is consumed by the cells, thus minimizing added cost 

and allowing for dynamic control as continuous supply is required for continuous 

expression/repression.  The only promoters examined to date that meet those criteria are the 

low carbon inducible PsbtA and PcmpA (17), which are induced upon cessation of CO2 bubbling, 

and the nitrite reductase promoter PnirA, which is repressed upon transition from nitrate to 

ammonium as a nitrogen source and re-induced upon depletion of the supplied ammonium (22, 

23).   

 The nitrite reductase promoter is particularly promising as an “off” switch for biofuel 

applications.  Nitrate and nitrite reduction is a major energy sink for photosynthesis; thus 

higher yields can be obtained when nitrogen is supplied as ammonium (24).  In at least some 

strains of cyanobacteria this promoter has a very high dynamic range (25).  Luterra and Ely 
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recently used fluorescent reporter constructs to characterize four versions of this promoter in 

Synechocystis sp. PCC 6803 with varying levels of induced and noninduced expression (23).  We 

chose the three strongest for this application:  PnirA-7 from Synechococcus elongatus PCC 7942, 

PnirA-6 from Synechocystis sp. PCC 6803, and PnirA-6A from Synechocystis sp. PCC 6803 

engineered with a second NtcA binding site. 

In cyanobacteria, the bidirectional (NiFe) hydrogenase catalyzes the reaction 2 e- + 2 H+ 

↔ H2, using NADPH as an electron donor (26).  Due to the low redox potential of this reaction 

relative to the NADP+/NADPH couple, this reaction only proceeds in the forward direction if the 

intracellular pool of NADP(H) is nearly 100% reduced (27).  A primary challenge of metabolic 

engineering for hydrogen production is therefore to decrease electron flow through alternative 

NADPH-oxidizing pathways.   The Synechocystis sp. PCC 6803 M55 mutant (28), lacking ndhB 

encoding an essential subunit of all NADPH dehydrogenase complex (NDH-1) isoforms and thus 

deficient in both cyclic electron flow and carbon assimilation, produces hydrogen continuously 

in the light under anaerobic, mixotrophic conditions (29) while maintaining a 100% reduced 

NADP(H) pool (30).  This is in contrast to the wild-type, which exhibits a transient spike in 

hydrogen production upon illumination followed by uptake once the Calvin Cycle is activated 

and the proportion of reduced NADP(H) declines (29).  M55 requires elevated CO2 for growth 

and grows more slowly than the wild-type even under high-CO2 conditions (28). 

 Synechocystis sp. PCC 6803 possesses a bidirectional, production-biased (NiFe) 

hydrogenase that is moderately oxygen sensitive, retaining 50% activity in an atmosphere of 1% 

O2 (31).  In practice, inhibition of hydrogen evolution is observed at much lower levels of 
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oxygen (29).  It thus appears likely that the observed decrease in hydrogen is not due to direct 

hydrogenase inhibition by oxygen but rather to electron flow to oxygen via terminal oxidases, 

photorespiration, or the Mehler reaction.  The Mehler reaction is particularly suspect, as it 

directly competes with the hydrogenase for reduced NADPH on the acceptor side of 

Photosystem I and can account for up to 60% of linear electron flow under carbon-limiting 

conditions (32).  Deletion of either flv1 or flv3 completely abolishes the Mehler reaction in 

Synechocystis sp. PCC 6803 (33).  These mutants grow normally under continuous light but are 

unable to grow under strongly fluctuating light regimes, indicating that the Mehler reaction 

serves as an essential electron valve preventing oxidative stress during initial adaptation to high 

light (34). 

We placed the ndhB gene under the control of three nitrite reductase promoters of 

varying strength in both the wild-type and flv3 mutant strains of Synechocystis sp. PCC 6803.  

These strains should exhibit wild-type growth rates and transient hydrogen production when 

grown in nitrate-containing media and M55-like inhibited growth and continuous hydrogen 

production when grown in ammonium-containing media.  We also constructed a promoterless 

ndhB strain in the flv3 background to quantify background read-through transcription and to 

provide a flv3-deletion positive control for hydrogen production. 

3.3 - Materials and Methods 

3.3.1 – Strains and Culture conditions 

 Synechocystis sp. PCC 6803 strains were grown in modified YBG11 media (35) at pH 7.5 

under continuous illumination of 50-100 µE m-2 s-1.  Flasks were shaken at 95 rpm and bubbled 



                                                  58  

 

with 5% CO2 in air (Airgas Nor Pac, Vancouver, WA).  Cobalt nitrate was replaced with 

equimolar cobalt chloride, and sodium nitrate was omitted from the base media.  Nickel 

chloride was added to a final concentration of 50 nM, to ensure an adequate supply of Ni2+ ions 

for expression of the (NiFe) hydrogenase (36).  As preliminary work indicated a negative impact 

of low iron availability on hydrogen production, we doubled the concentration of iron chloride 

from 6 µM to 12 µM, with a concomitant increase in the concentration of chelating EDTA.  To 

stabilize pH during bubbling with 5% CO2, 40 mM sodium bicarbonate and 30 mM HEPES buffer 

were added.  Nitrogen was provided as sodium nitrate (YBG11-N) or ammonium chloride 

(YBG11-A), both at a final concentration of 5 mM. 

Agar plates used the same base media formulation and contained 1.5% agar, 0.3% 

sodium thiosulfate, 10 mM TES (pH 8.0), and 17.6 mM sodium nitrate.  Plates for strains lacking 

ndhB expression were supplemented with 20 mM sodium bicarbonate.  Plates containing flv3 

deletion strains were supplemented with spectinomycin (50 µg/ml), and plates containing 

strains with genetic modifications at the ndhB locus were supplemented with kanamycin (50 

µg/ml).   

3.3.2 - Construct preparation and cloning 

  All PCR amplifications utilized Pfu polymerase with an initial denaturation step of 5 

minutes at 95 ºC, followed by 35 cycles of 30 seconds at 95 ºC, 30 seconds at 55 ºC, and 60 

seconds at 72ºC on a Bio-Rad C1000 thermocycler (Bio-Rad, Hercules, CA).  All oligonucleotides 

were obtained from Integrated DNA Technologies (IDT, Coralville, IA) and are shown in Table 3-

1.  All transformations utilized E. coli strain DH5α (Life Technologies, Grand Island, NY).  DNA 

constructs were assembled sequentially in plasmid pGEM-3z (Promega, Madison, WI). 
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Table 3-1.  Oligonucleotides used in this study.  Added restriction sites are in bold.   

Name Sequence 5’-3’ Purpose 

p6803_F_NtcA_XbaI 
GAGAATCTAGATAATGATGAGTAATTTACGTTACATGTTTAACAA
AATTTAACGC 

Amplify nirA promoter 
from Synechocystis sp. PCC 
6803 and add NtcA 
binding site to create PnirA-
6A 

p7942_F_XbaI GAGAATCTAGACGCTGCTGAAATGAGCTGGA 

Amplify nirA promoter 
from Synechococcus 
elongatus PCC 7942 (PnirA-
7) 

p7942_R_PstI_noRBS GAGAATACTGCAGACAAAGCAGCTTGCATACTCG Amplify PnirA-7 

p6803_F_XbaI GAGAATCTAGAGGACTTCATTGATCCTTGCCT 

Amplify nirA promoter 
from Synechocystis sp. PCC 
6803 (PnirA-6) 

p6803_R_PstI_noRBS GAGAATACTGCAGAGCCAGATAACAGTAGAGATCAAT Amplify PnirA-6 and PnirA-6A 

term_F_XmaI GAGAGACCCGGGAGAGCCAGGCATCAAATAAAACG 
Amplify double 
transcription terminator 

term_R_XbaI GAGAATCTAGACCGCTACTAGTATATAAACGCAG 
Amplify double 
transcription terminator 

ndhB_UP_F_SacI GAGAAGAGCTCTGCGGCGGACTACTTTGATT 
Amplify upstream of ndhB 
promoter region 

ndhB_UP_R_XmaI GAGAGACCCGGGCCCCAGTAATGGCATG 
Amplify upstream of ndhB 
promoter region 

ndhB_DN_F_PstI 

GAGAATACTGCAGCATTTCTCGGTTGTACCTATG Amplify downstream ndhB 
region including RBS and 
start codon 

ndhB_DN_R_HindIII 

GAGAGAAAGCTTTCAACGCCGCTTCATTGG Amplify downstream ndhB 
region including RBS and 
start codon 

pGEM-3z_F 
GACGTTGTAAAACGACGGCC Test insertion into pGEM-

3z 

pGEM-3z_R ACGCCAAGCTATTTAGGTGACA 
Test insertion into pGEM-
3z 

Kan_F_Kpn2I GAGAGATCCGGAAGCTAGAGTCGACCTGCAGG 
Amplify kanamycin 
resistance cassette 

Kan_R_Kpn2I GAGAGATCCGGACTGAGGTCTGCCTCGTGAAG 
Amplify kanamycin 
resistance cassette 

6803nirA_test_F CATTGATCCTTGCCTATACCATCA Test for presence of PnirA-6 

A68nirA_test_F GATGAGTAATTTACGTTACATGTTTAACA 
Test for presence of PnirA-
6A 

7942nirA_test_F TGAGCTGGAATTCTGTCCCTC Test for presence of PnirA-7 

ndhBp_F TTCTCCTTTGCGGCAAACCT 
Test for presence of wild-
type ndhB promoter 

ndhB_R GTAGCCGTGAGCAAAATGGC 

Reverse primer for 
promoter 
insertion/segregation tests 
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 Upstream and downstream ndhB sequences were amplified from wild-type 

Synechocystis sp. PCC 6803 using primer pairs ndhB_UP_F_SacI - ndhB_UP_R_XmaI and 

ndhB_DN_F_PstI - ndhB_DN_R_HindIII.  The double transcriptional terminator rrnBT1-T7Te (37) 

was amplified from plasmid pSB1A2-PnirA-6::EYFP (23) using primers term_F_XmaI and 

term_R_XbaI.  Promoter sequences were amplified as follows:  PnirA-6 was amplified from 

plasmid pSB1A2-PnirA-6::EYFP with primers p6803_F_XbaI and p6803_R_PstI_noRBS; PnirA-6A 

was amplified from the same plasmid with primers p6803_F_NtcA_XbaI and 

p6802_R_PstI_noRBS; and PnirA-7 was amplified from plasmid pSB1A2-PnirA-7::EYFP (23) with 

primers p7942_F_XbaI and p7942_R_PstI_noRBS.  The aphX kanamycin resistance gene from 

pUC4K (38) was amplified from a pGEM-3z derived plasmid carrying this sequence using 

primers Kan_F_Kpn2I and Kan_R_Kpn2I. 

 All insertions were verified with colony PCR using primers pGEM-3z_F and pGEM-3z_R.  

The terminator sequence was inserted into pGEM-3z at unique XmaI and XbaI sites to yield 

plasmid pGEM-T.  The upstream ndhB region was then inserted into pGEM-T at SacI and XmaI 

sites to yield pGEM-NT.  The downstream ndhB region was added at unique PstI and HindIII 

sites to yield pGEM-NTN.  The three nirA promoters were then added between XbaI and PstI 

sites to yield plasmids pGEM-NT6N, -NTAN, and -NT7N.  These constructs were sequenced at 

Oregon State University Core Labs to verify correct assembly.  Finally the aphX cassette was 

ligated in at the XmaI site, which has CCGG overhangs compatible with Kpn2I.  Transformants 

with the aphX cassette in reverse orientation relative to ndhB were identified by colony PCR 

with primers pGEM-3z_F and Kan_F_Kpn2I, yielding plasmids pGEM-NKT6N, -NKTAN, and  
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-NKT7N.  Additionally, the aphX cassette was inserted in reverse orientation into plasmid 

pGEM-NTN to yield pGEM-NKTN, a construct lacking any promoter sequence in front of the 

ndhB gene.   

3.3.3 - Transformation and Segregation 

Transformation of Synechocystis sp. PCC 6803 was carried out as optimized by Zang et 

al. (39).  Wild-type and flv3 mutant cells were concentrated to an OD730 of 5.0 and plasmid DNA 

(pGEM-NKT6N, -NKTAN, -NKT7N, or -NKTN) was added to 500 ml aliquots to a final 

concentration of 20 ng/µl.  Cells were incubated for five hours under continuous light at 30ºC, 

then 400 µl aliquots were plated on sterile nitrocellulose filters (Whatman 145318) on agar 

plates and incubated for 24 hours without antibiotics before transfer to plates containing 10 

µg/ml kanamycin for selection.  Transformant colonies were plated on increasing 

concentrations of kanamycin, up to 200 µg/ml, to drive segregation.  Forward primers 

6803nirA_test_F, A68nirA_test_F, 7942nirA_test_F, and ndhBp_F were used in combination 

with reverse primer ndhB_R to test for the presence of the PnirA-6, PnirA-6A, PnirA-7, and wild-

type ndhB promoters, respectively, in front of the ndhB gene.    Primer term_F_XmaI was used 

in combination with ndhB_R to test for promoter deletion.  Segregation was determined by the 

absence of a band for the wild-type ndhB promoter combined with the presence of a band for 

the inserted sequence (data not shown).  Full segregation was achieved after four months of 

plating for all strains except the promoter deletions.  Full segregation of the promoter deletion 

strain was achieved in 11 months in the flv3 mutant background and was never achieved in the 

WT background.  Strains are summarized in Table 3-2. 
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Table 3-2.  Synechocystis sp. PCC 6803 strains examined in this study, with abbreviations used 

in the text. 

Strain Background ndhB locus 

WT Wild-type (glucose tolerant) Native promoter, intact gene 

N6K Wild-type (glucose tolerant) nirAp-6 promoter, intact gene 

NAK Wild-type (glucose tolerant) nirAp-6A promoter, intact gene 

N7K Wild-type (glucose tolerant) nirAp7 promoter, intact gene 

M55 Wild-type (glucose tolerant) Insertional gene inactivation 

flv3 flv3 deletion (glucose tolerant) Native promoter, intact gene 

FN6K flv3 deletion (glucose tolerant) nirAp-6 promoter, intact gene 

FNAK flv3 deletion (glucose tolerant) nirAp-6A promoter, intact gene 

FN7K flv3 deletion (glucose tolerant) nirAp7 promoter, intact gene 

FN-K flv3 deletion (glucose tolerant) No promoter, intact gene 
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3.3.4 - Growth Experiments 

 Repression of a growth-essential gene is unlikely to have immediate phenotypic effects 

if the produced protein is stable in cells.  In order to isolate this time-dependent growth 

reduction from the effect of growth stage, cells were resuspended daily at an OD730 of 0.1 

(approximately 2 x 107 cells/ml) daily following measurement of the previous day’s growth.  

Cells were grown in 20 ml volumes in 50 ml Erlenmeyer flasks, bubbled with 5% CO2 in air at 2 

ml min-1 and shaken at 95 rpm with continuous illumination at 80 µE m-2 s-1.  Three replicates of 

each strain were grown for 3-4 days in YBG11-N prior to the start of experiments.  Cells were 

then diluted to OD730 = 0.1 in YBG11-N, grown for one day, resuspended in YBG11-A, and grown 

for four days with dilution to OD730 = 0.1 following each day’s measurement. 

3.3.5 - qRT-PCR 

 Five ml of log phase cells from growth experiments were mixed with 5 ml ice cold stop 

solution (5% phenol, 95% ethanol) and centrifuged for 10 minutes at 4ºC to pellet cells.  Pellets 

were flash-frozen in liquid nitrogen and stored at -80 ºC.  For RNA extraction, pellets were 

resuspended in 1 ml TriZol (Life Technologies, Grand Island, NY) and subjected to 120 seconds 

of bead-beating (4x 30 s, with 30 s rest between) following addition of 500 ml 0.1mm diameter 

glass beads (BioSpec, Bartlesville, OK).  RNA was purified using DirectZol spin columns (Zymo 

Research, Irvine, CA).  Yield and purity were assessed by UV spectrometry (Nanodrop, Thermo 

Scientific, Wilmington, DE).  Residual genomic DNA was eliminated by DNase treatment (Turbo 

DNAfree, Ambion, Austin, TX) following manufacturer protocols. 



                                                  64  

 

 We selected two reference genes (prk [sll1525] and rnpB) based on published 

recommendations (40) and our previous qRT-PCR work (41).  Primers and 5’ nuclease probes 

(FAM-Iowa Black) for these and ndhB (sll0223) were obtained from Integrated DNA 

Technologies (Coralville, Iowa).  One-step qRT-PCR was performed on the ABI 7500 Fast 

thermocycler (Applied Biosystems, Foster City, CA) using Agilent Brilliant III master mix (Agilent 

Technologies, Santa Clara, CA).  Two technical replicates were performed for each reaction.  

Standard curves were constructed from a dilution series for each primer set to determine PCR 

efficiency, and fold-change was calculated using the Pfaffl method (42). 

3.3.6 - Membrane-Inlet Mass Spectrometry (MIMS) 

 Cultures were harvested in mid-log phase, washed once in YBG11-A with no sodium 

bicarbonate, and resuspended in this same media at a concentration of 1 x 109 cells/ml.  These 

samples were incubated in the dark at 30 ºC for two hours prior to transferring 2 ml to the 

reaction chamber for measurement of dissolved gases.  The reaction chamber was a 2.5 ml 

variable volume electrode chamber with a fiber optic light source (DW2/2, Hansatech 

Instruments, Norfolk, UK) thermostated to 30 ºC and stirred continuously with a magnetic 

stirrer. The electrode in the base of the chamber was replaced by a PTFE membrane (S4, 

Hansatech Instruments, Norfolk, UK) covered custom-built stainless steel disk with a 1/8 inch 

hole on top and 1/8 inch stainless steel tubing exiting the chamber, which was connected to a 

membrane inlet mass spectrometer (Prisma Quadrapole QMS 200, Pfeiffer Vacuum, Asslar, 

Germany) set to continuously monitor several gases including H2, O2 and CO2. 
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 Depending on the experiment, oxygen was eliminated by addition of 10 mM glucose, 30 

U/ml glucose oxidase, and 500 U/ml catalase or by bubbling the chamber with N2 for eight 

minutes.  Following oxygen elimination samples were maintained in darkness for five minutes 

with the instrument online before activating illumination at 400 µE m-2 s-1.  For hydrogenase 

activity measurements, methyl viologen (10 mM) and sodium dithionite (10 mM) were added 

with no illumination and hydrogenase activity was determined from the maximum 30-second 

averaged hydrogen production, which always occurred within the first minute following methyl 

viologen/sodium dithionite addition. 

3.4 - Results 

 All PnirA::ndhB strains exhibited no difference in growth rate relative to wild-type or flv3 

when grown in YBG11-N (Fig. 3-1).  Growth was unaffected after one day in YBG11-A but 

declined thereafter, stabilizing after 3-4 days.  PnirA::ndhB strains in the flv3 background grew 

markedly more slowly in YBG11-A than equivalent strains in the wild-type background.  ndhB 

deletion mutant M55 grew somewhat more slowly than wild-type in both nitrate and 

ammonium, though surprisingly growth inhibition was less severe than in the PnirA::ndhB strains.  

The flv3-background promoter deletion strain FN-K grew very slowly in both YBG11-N and 

YBG11-A, with no difference in growth rate between media formulations.  No differences in 

growth rate were apparent between strains N6K, NAK, and N7K in the wild-type background in 

either media type (Fig. 3-1).   This was in contrast to the flv3 background where strain FNAK 

grew significantly slower in YBG11-A than strains FN6K and FN7K.   
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Figure 3-1.  Growth rates in nitrate and ammonium (Amm) YBG11 media for strains in wild-type 

(A) and flv3 deletion (B) backgrounds.  Cultures were diluted to OD730 = 0.1 daily in the same 

media, or centrifuged, washed once, and resuspended at OD730 = 0.1 to transition from nitrate 

to ammonium.  Error bars represent standard deviation of three replicates. 

 

 All PnirA::ndhB strains showed 4-8 fold lower levels of ndhB mRNA relative to wild-type in 

YBG11-N media, with a further 2-8 fold reduction in expression following transition to 

ammonium (Fig. 3-2).  Expression levels in YBG11-A were very similar to promoter deletion 

strain FN-K, particularly with rnpB as a reference gene.  Based on raw Ct data it appeared that 
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prk expression was suppressed in the flv3 background relative to wild-type, making rnpB a 

better choice as a reference in this case (data not shown).   

 

 

 

 

Figure 3-2.  qRT-PCR relative ndhB transcript abundance using prk (A) or rnpB (B) as a reference 

gene.  Columns represent average +/- standard deviation of three replicates, relative to 

expression in nitrate-grown wild-type.  Promoter deletion strain FN(-)K was examined in nitrate 

media only. 
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 All ammonium-grown PnirA::ndhB strains exhibited continuous hydrogen production and 

inhibited CO2 uptake in the light in anaerobic conditions in the presence of glucose, glucose 

oxidase, and catalase (Fig. 3-3).  This was true in both the wild-type and flv3 backgrounds, 

though hydrogen production rates were lower in flv3-derived strains.  Within the wild-type or 

flv3 backgrounds, no consistent differences were observed between strains with the three 

versions of the nirA promoter.  Hydrogen production from WT-derived strains was consistently 

higher than M55, and hydrogen production from flv3-derived strains was consistently 

Figure 3-3.   Photohydrogen production and CO2 uptake from WT- (A) and flv3-background (B) 

cells grown in ammonium (YBG11-A) during 10 minutes of illumination at 400 µE m-2 s-1.  The 

sealed MIMS chamber contained 2 ml cell suspension (1 x 109 cells/ml) in bicarbonate-free 

YBG11-A with 10 mM glucose, 30 U/ml glucose oxidase, and 500 U/ml catalase.   
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higher than promoter-deletion mutant FN-K.  Parent WT and flv3 strains exhibited transient 

hydrogen production upon illumination followed by hydrogen uptake. 

 Following two days of growth in nitrate, all PnirA::ndhB strains in WT and flv3 

backgrounds exhibited a WT-type response to illumination, with transient hydrogen production 

followed by uptake of all hydrogen present, combined with light-activated CO2 uptake (Fig. 3-4).  

In the WT background, the amplitude of the transient spike was often greater in PnirA::ndhB  

 

Figure 3-4.  Photohydrogen production and CO2 uptake from WT- (A) and flv3-background (B) 

cells grown in nitrate (YBG11-N) during 10 minutes of illumination at 400 µE m-2 s-1.  The sealed 

MIMS chamber contained 2 ml cell suspension (1 x 109 cells/ml) in bicarbonate-free YBG11-A 

with 10 mM glucose, 30 U/ml glucose oxidase, and 500 U/ml catalase.   
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strains, though this effect was not always observed.  Hydrogen production from strains M55 

and FN-K was unaffected by the transition from ammonium to nitrate. 

 Photohydrogen production continued at a steady rate for 90 minutes in all ammonium-

grown PnirA::ndhB strains except N6K, for which hydrogen evolution declined after 60 minutes 

of illumination (Fig. 3-5).  The most productive strains, M55 and N7K, produced hydrogen at a 

rate of approximately 60 µM h-1, or 1.3 ml H2 L culture-1 h-1.  Despite much lower initial 

hydrogen production rates, strains in the flv3 background produced comparable amounts of 

hydrogen to equivalent strains in the WT background. 

 

 

Figure 3-5.  Photohydrogen production from cells grown in YBG11-A during 90 minutes of 

illumination at 400 µE m-2 s-1.  The sealed MIMS chamber contained 2 ml cell suspension (1 x 

109 cells/ml) in bicarbonate-free YBG11-A with 10 mM glucose, 30 U/ml glucose oxidase, and 

500 U/ml catalase.  The M55 run was terminated after 75 minutes.  Bars represent light and 

dark periods.  Hydrogen concentration has been corrected for consumption by the instrument.
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 In the absence of added glucose and glucose oxidase, cells evolved hydrogen and 

oxygen simultaneously (Fig. 3-6).  In all cases, ndhB-deficient cells evolved oxygen much more 

slowly than WT and flv3 strains, although net oxygen evolution was still observed.  Hydrogen 

evolution was observed from all ndhB-deficient strains, although net production persisted for 

only about three minutes.  No difference in total hydrogen yield was observed between WT-

background and flv3-background strains; however the initial rate of hydrogen production was  

Figure 3-6.  Simultaneous hydrogen and oxygen evolution from WT- (A) and flv- (B) background 

cells grown in ammonium (YBG11-A).  Samples (2 ml, 1 x 109 cells/ml) were bubbled with N2 for 

eight minutes to remove oxygen, then incubated in the dark for five minutes prior to 

illumination (400 µE m-2 s-1).  Bars represent light and dark periods.  Hydrogen evolution has 

been corrected for consumption by the instrument. 
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higher in WT-background strains, and production stopped earlier (around 2 min. of illumination 

vs. 3 min. in flv3 background strains) with a slight hydrogen uptake observed in all strains 

except M55. 

 Addition of methyl viologen and sodium dithionite induced hydrogen production at 

rates approximately 10-fold higher than observed naturally.  Hydrogenase activity measured in 

this manner varied by a factor of two across all strains tested, with M55 and all flv3-background 

ndhB-deficient strains showing relatively lower hydrogenase activity in YBG11-A (Fig. 3-7).  

Chlorophyll content did not differ substantially between strains or media conditions (Fig. 3-

8A,B), but phycocyanin content was dramatically reduced in all ndhB-deficient strains with the 

notable exception of M55 (Fig. 3-8C,D).  PnirA::ndhB strains contained lower phycocyanin only  

 

Figure 3-7.  Hydrogenase activity of nitrate- (open bars) and ammonium-grown (solid bars) cells 

in wild-type (panel A) and flv3 (panel B) mutant backgrounds.  Activity was determined as the 

rate of hydrogen production over the first 30 seconds following addition of 10 mM each sodium 

dithionite and methyl viologen to cell suspensions.  Error bars represent standard deviation of 

two replicates. 
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when grown in YBG11-A, and this change was reflected by a noticeable yellowing of the 

cultures. 

Figure 3-8.  Chlorophyll (A,B) and phycocyanin (C,D) pigment content of nitrate- (open bars) and 

ammonium-grown (solid bars) cells in wild-type (A,C) and flv3 mutant (B,D) backgrounds.  Error 

bars represent standard deviation of two replicates. 
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provide sufficient ndhB expression when induced while effectively curtailing expression when 

repressed.  Differences among the promoter variants were observed only in the flv3 mutant 

background, where the PnirA-6A promoter produced significantly slower growth in YBG11-A 

media.  This is consistent with the overall weaker expression observed with this promoter in 

fluorescence experiments (23).  Interestingly, qRT-PCR revealed relatively small 2-8 fold 

changes in expression between inducing and repressing conditions, in contrast to the much 

larger dynamic range observed with a reporter gene.  One possibility is that PnirA-driven gene 

expression oscillates over time, leading the snapshot qRT-PCR signal to differ from the 

integrated reporter gene signal.  Genomic context may also play a role; the psbA2 promoter is 

more strongly expressed in its native context than when inserted elsewhere in the chromosome 

(43).   

 Inducible downregulation of ndhB expression effectively replicates the hydrogen 

production phenotype of M55 (29), confirming that this phenotype is governed by ndhB 

expression level rather than a secondary mutation.  However, the strains produced here differ 

substantially from M55 in growth and pigment content, growing more slowly than M55 in 

YBG11-A and exhibiting a 50% reduction in phycocyanin content accompanied by a distinct 

yellow-green coloration.  The promoterless ndhB mutant FN(-)K exhibited slow growth and 

reduced phycocyanin content in both nitrate and ammonium media.  In combination with the 

observation that the ndhB promoter deletion could not be segregated in the wild-type 

background after 24 months of plating, these differences suggest that the M55 strain may 



                                                  75  

 

contain one or more secondary mutations that reduce the severity of the ndhB deletion 

phenotype. 

 The bidirectional (NiFe) hydrogenase of cyanobacteria produces hydrogen following the 

reaction 2H+ + 2e- <-> H2, utilizing protons from solution in the cytoplasm and electrons from 

NADH or NADPH (29, 44).  Assuming consistent pH, hydrogenase activity, and total [NAD(P)(H)], 

the direction and rate of hydrogen production/uptake should thus be a function of dissolved 

hydrogen concentration and the redox state of the cytoplasmic NAD(H) and NADP(H) pool.  

Addition of glucose and glucose oxidase not only eliminates oxygen but also supplies reductant 

in the form of glucose; thus it is not surprising that cultures made anaerobic by N2 bubbling 

with no added glucose produced hydrogen at a slower rate.   

 The Mehler reaction, in Synechocystis carried out by flavodiiron protein Flv1-Flv3 

heterodimers and abolished by flv3 inactivation (33), catalyzes NADPH oxidation by reaction 

with molecular oxygen and has a flux capacity on par with photosynthesis (45).  In microaerobic 

conditions, this pathway would be expected to compete with hydrogenase for reductant, 

limiting hydrogen production.  When cells were allowed to evolve oxygen and hydrogen 

simultaneously, we did not observe dramatic differences between WT-background and flv3-

background strains.  All ndhB-deficient strains displayed much lower oxygen evolution rates 

than WT or flv3.  However, the observed oxygen levels, reaching 25 µM or 2% saturation after 

five minutes of illumination in some strains, are sufficient to directly inhibit hydrogenase 

activity (31), and indeed we observed very little change in hydrogen concentration after three 

minutes of illumination.  Prior to this time, WT-background strains produced hydrogen more 
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rapidly upon illumination followed by slight uptake, while flv3-background strains produced 

hydrogen more slowly but for a longer period with no uptake observed.  These results are as 

expected if the Mehler reaction competes with hydrogenase for electrons; however it appears 

that the importance of this effect is limited by the oxygen sensitivity of the hydrogenase.  In 

future systems with heterologous or engineered oxygen-tolerant hydrogenases, inactivation of 

the Mehler reaction will likely be critical to achieving efficient light-to-hydrogen energy 

conversion. 

 In all ndhB-deficient strains, hydrogen evolution continued for at least 60 minutes under 

anaerobic illumination, at relatively constant rates following an initial enhanced period 

observed in WT-background but not in flv3-background cultures.  This is in contrast to the 

observations of Gutthann et al. (24) who observed less than 10 minutes of hydrogen production 

from M55 prior to hydrogen uptake.  In part this may be influenced by our use of much lower 

cell densities and illumination intensities as well as different growth conditions, but it should be 

noted that we observed a similarly short duration of hydrogen production when any amount of 

air headspace remained in the reaction chamber (data not shown).  It appears that very small 

quantities of dissolved oxygen may affect hydrogen production independent of hydrogenase 

oxygen inhibition, a phenomenon worthy of future investigation.  We also propose using 

different methodology (Clark electrode, GC vials) to examine longer-term hydrogen production 

from these strains, as technical limitations preclude runs longer than 90-120 minutes on our 

MIMS instrument. 
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 We observed slightly lower hydrogenase activity in M55 relative to wild-type in nitrate 

media (Fig. 3-8), again in contrast with Gutthann et al. (24) who observed only about 10% of WT 

hydrogenase activity in M55.  Differing growth conditions are the most likely explanation; with 

5% CO2 bubbling M55 grew only slightly slower than wild-type, while this mutant exhibits 

severe carbon stress in the absence of CO2 supplementation (28).  Overall hydrogenase activity 

did not vary dramatically among strains, although the relatively lower activity of flv3-

background nirAp:ndhB strains grown in YBG11-A may partially explain the lower observed 

hydrogen production rates. 

 While downregulation of ndhB, a manipulation known to enhance hydrogen production 

in Synechocystis sp. PCC6803 (29), serves as a useful proof of concept for developing a 

metabolic switch between growth and hydrogen production, regulation of additional 

endogenous and heterologous genes will likely be required to create a useful bioenergy strain.  

A reciprocal upregulation switch may be needed, and it is possible that the PsbtA or PcmpA low-

carbon-inducible promoters (17) could fill this role.  In a hypothetical future strain, PnirA 

regulation of ndhB and terminal oxidases might be combined with PcmpA regulation of a 

heterologous proton gradient uncoupling protein and oxygen-tolerant hydrogenase.  Upon 

transfer from CO2-bubbled ammonium media to low-carbon nitrate media, such a strain would 

downregulate growth-related electron flow pathways and upregulate the cellular machinery 

required to redirect photosynthetic electrons to hydrogen production.  

 In addition to hydrogen production, efforts are underway to engineer cyanobacteria for 

production of a variety of biofuels (2, 4, 5, 46-49) and bioproducts (3, 50).  In all of these efforts 
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it will be useful to be able to regulate key metabolic pathways to switch organisms from growth 

to production phases, and the PnirA-based metabolic switch applied here should be useful for 

inducible repression and/or induction on an industrial scale, with alternation of nitrogen feed 

between nitrate and ammonium as the determining factor. 

3.6 - Conclusions 

 We successfully applied promoter replacement to modify the regulation of the 

Synechocystis sp. PCC 6803 ndhB gene in its native genomic context, producing strains that 

exhibit continuous photoproduction of hydrogen when grown in ammonium media and are 

indistinguishable from wild-type when grown in nitrate media.  These strains may serve as a 

foundation for further genetic manipulations to enhance photobiological hydrogen production 

from cyanobacteria, and the nitrogen-regulated metabolic switch demonstrated here is widely 

applicable to cyanobacterial biotechnology. 
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CHAPTER 4 - DIRECT PHOTOBIOLOGICAL HYDROGEN FROM CYANOBACTERIA: 
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4.1 - Abstract 

 Cyanobacteria present an opportunity to produce hydrogen from solar energy.  

Inactivation or downregulation of cyclic electron flow via the NDH-1 complex allows for 

continuous production of hydrogen in the light by Synechocystis sp. PCC 6803.  We used 

chlorophyll fluorescence and membrane-inlet mass spectrometry to probe electron flows 

during hydrogen production in this species, comparing oxygen scavengers (glucose-glucose 

oxidase-catalase and sodium dithionite) in the presence and absence of PSII inhibitor DCMU 

and examining the effect of anaerobic vs. microaerobic conditions.  We used the ionophore 

CCCP to examine possible inhibition by the transthylakoid proton gradient, and we inhibited 

terminal oxidases with potassium cyanide.  Sub-micromolar oxygen concentrations inhibit 

hydrogen production and trigger a State 2 to State 1 transition as observed by chlorophyll 

fluorescence, while anaerobic cultures remain locked in State 2.  Photobiological hydrogen is 

largely a PSII-independent photofermentation process in the presence of glucose but becomes 

entirely PSII-dependent in its absence.  Addition of CCCP dramatically enhances photohydrogen 

production, and the maximum rate is not affected by glucose addition.  Finally, in the presence 

of both cyanide and CCCP, cells evolve oxygen and hydrogen simultaneously in a ratio close to 

the stoichiometric 2:1.  These results are discussed in terms of implications for biohydrogen 

engineering and suggestions for further research. 

4.2 - Introduction 

 Unicellular phototrophs present an opportunity to harness photosynthetic energy 

conversion more efficiently than terrestrial plants (1) while not requiring arable land.  This 
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opportunity has inspired a wide range of bioenergy research in algae and cyanobacteria, with 

the goal of producing lipids(2), ethanol (3), alkanes (4), and hydrogen (5).  Hydrogen, while 

presenting challenges with regard to storage and transportation, has advantages in that 

bioproduction is not carbon-limited under atmospheric conditions and it naturally diffuses out 

of culture media.  A number of species of algae and cyanobacteria contain hydrogen-evolving 

enzymes, and efforts are underway both to improve the oxygen tolerance of hydrogenase 

enzymes (6) and to increase the proportion of photosynthetic electron flow directed to 

hydrogen (7-10). 

The bidirectional (NiFe) hydrogenase of cyanobacteria exhibits relatively high oxygen 

tolerance (11), but uses NADPH as an electron donor.  As the midpoint redox potential of 

NADP+/NADPH is nearly 100 mV higher than the H+/H2 couple, hydrogen production proceeds 

only if the NADP(H) pool is 99.9% reduced (10).  Hydrogen production is thus a pathway of last 

resort, activated only if other major reductant sinks are inhibited or overwhelmed.   Wild-type 

Synechocystis sp. PCC 6803 produces hydrogen only transiently in the light, but inactivation of 

the ndhB gene required for NDH-1 mediated cyclic electron flow around PSI and carbon 

assimilation (12) yields a phenotype of continuous hydrogen photoproduction (13).  Recently, 

Luterra and Ely (14) developed a series of strains that exhibit this phenotype in an inducible 

manner, using nitrogen-regulated promoters to drive ndhB expression.   

Even in the absence of cyclic electron flow and carbon fixation, a number of pathways 

compete with hydrogen production for reductant (Fig. 4-1), including nitrate reduction (15), the 

Mehler reaction (16), and respiratory terminal oxidases (15).  Furthermore, hydrogen 
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production consumes reductant but no ATP, possibly allowing the transthylakoid proton 

gradient to reach a potential that inhibits electron transport (17).  Nitrate reduction can be 

eliminated by supplying nitrogen as ammonium, enhancing hydrogen production (15).  The 

Mehler reaction can be eliminated by deletion of the flv1 or flv3 gene, although this has a very 

limited effect on hydrogen production in anaerobic or microaerobic conditions (14).  

Respiratory terminal oxidases may be deleted (15) or inhibited with potassium cyanide. 

Figure 4-1.  Electron flow pathways in Synechocystis sp. PCC 6803.  PSII: Photosystem II.  PQ: 

Plastoquinone.  SDH: Succinate dehydrogenase.  NDH-1: NADPH-dehydrogenase complex.  Cyd: 

Quinol oxidase.  Cyt b6/f: Cytochrome b6/f complex.  CtaI:  Cytochrome oxidase.  PSI:  

Photosystem I.  Fd: Ferredoxin.  NarB: Nitrate reductase.  NirA: Nitrite reductase.  Flv1/Flv3:  

Flavoprotein dimer responsible for Mehler reaction.  Gap2:  Glyceraldehyde 3-phosphate 

dehydrogenase. 
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The ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) allows free diffusion of 

protons across the thylakoid membrane and dramatically increases hydrogen yield from both 

algae (18) and cyanobacteria (19).  

 In traditional hydrogen metabolism experiments, oxygen is eliminated by addition of 

glucose, glucose oxidase, and catalase (20).  However, this introduces an electron source which 

may partially or fully substitute for PSII water splitting as well as increase respiration rate and 

dark hydrogen production.  Indeed, addition of glucose without glucose oxidase or catalase 

eliminates net oxygen evolution and stimulates continuous hydrogen photoproduction (13).  To 

scavenge oxygen without providing reductant, we elected to add sodium dithionite.  Sodium 

dithionite is frequently utilized as an electron donor to reduce methyl viologen in hydrogenase 

assays (21).  However, it is not known to donate electrons directly to cyanobacterial redox 

carriers, and preliminary data revealed no dark hydrogen production upon sodium dithionite 

addition, in contrast to the effect observed with glucose.   

 Chlorophyll fluorescence is typically employed to measure the efficiency of PSII, 

photochemical and nonphotochemical quenching, and nanosecond- to millisecond-scale 

electron transfer processes (22).  However, in cyanobacteria shifts in fluorescence over a longer 

timescale of 1-1000 seconds often reflect photosynthetic state transitions (23).  State 1, in 

which excitation energy is preferentially directed to high-fluorescing PSII, is characterized by 

elevated fluorescence, while State 2, in which excitation energy is preferentially directed to 

low-fluorescing PSI, is characterized by decreased fluorescence.  Transitions between these 

states are governed primarily by the redox potential of the PQ pool (24).  In combination with 
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chemical inhibitors, fluorescence-derived information on photosynthetic states can be used to 

deduce dominant electron flow pathways. 

 In these experiments, we used chlorophyll fluorescence and membrane-inlet mass 

spectrometry (MIMS) to examine electron flow pathways during photohydrogen production in 

Synechocystis sp. PCC 6803 strain N7K (14), in which the native ndhB promoter has been 

replaced by the nitrate-inducible, ammonium-repressible nirA promoter from Synechococcus 

elongatus PCC 7942.  To examine the effect of terminal oxidases, we compared photohydrogen 

production and chlorophyll fluorescence under anerobic and microaerobic conditions, as well 

as microaerobic conditions in the presence and absence of potassium cyanide.  To assess the 

relative contributions of PSII water splitting and exogenous/endogenous reductant, we 

compared photohydrogen production in the presence and absence of 3-(3,4-dichlorophenyl)-

1,1-dimethylurea (DCMU), an inhibitor of electron transfer from PSII to the plastoquinone (PQ) 

pool, using both glucose-glucose oxidase-catalase and sodium dithionite as electron scavengers.  

To examine the impact of the transthylakoid proton gradient, we added CCCP in combination 

with the above treatments.  Finally, we examined longer term photohydrogen production from 

optimal treatment combinations with gas chromatography. 

4.3 – Materials and Methods 

4.3.1 - Strains and Culture Conditions 

 Synechocystis sp. PCC 6803 strains were grown in modified YBG11 media (14, 25) at pH 

7.5 under continuous illumination of 50-100 µE m-2 s-1.  Flasks were shaken at 95 rpm and 

bubbled with 5% CO2 in air (Airgas Nor Pac, Vancouver, WA).  To stabilize pH during bubbling 
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with 5% CO2, 40 mM sodium bicarbonate and 30 mM HEPES buffer were added.  Cobalt nitrate 

was replaced with equimolar cobalt chloride, and sodium nitrate was omitted from the base 

media.  Nickel chloride was added to a final concentration of 50 nM, to ensure an adequate 

supply of Ni2+ ions for expression of the (NiFe) hydrogenase (26).  Iron (as iron chloride + EDTA) 

was supplied at 12 µM.  Nitrogen was provided as sodium nitrate (YBG11-N) or ammonium 

chloride (YBG11-A), both at a final concentration of 5 mM.  Agar plates used the same base 

media formulation and contained 1.5% agar, 0.3% sodium thiosulfate, 10 mM TES (pH 8.0), and 

17.6 mM sodium nitrate.  Plates containing PnirA::ndhB strains were supplemented with 50 

µg/ml kanamycin, and plates containing flv3-background strains were supplemented with 

50µg/ml spectinomycin. 

4.3.2 - Membrane-Inlet Mass Spectrometry (MIMS) 

 Cultures grown in YBG11-A were harvested in mid-log phase, washed once in YBG11-A 

with no sodium bicarbonate, and resuspended in this same media at a concentration of 1 x 109 

cells/ml.  These samples were incubated in the dark at 30 ºC for two hours prior to transferring 

2 ml to the reaction chamber for measurement of dissolved gases.  The reaction chamber was a 

2.5 ml variable volume electrode chamber with a fiber optic light source (DW2/2, Hansatech 

Instruments, Norfolk, UK) thermostated to 30 ºC and stirred continuously with a magnetic 

stirrer. The electrode in the base of the chamber was replaced by a PTFE membrane (S4, 

Hansatech Instruments, Norfolk, UK) covered custom-built stainless steel disk with a 1/8 inch 

hole on top and 1/8 inch stainless steel tubing exiting the chamber, which was connected to a 

membrane inlet mass spectrometer (Prisma Quadrapole QMS 200, Pfeiffer Vacuum, Asslar, 
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Germany) set to continuously monitor multiple gases including H2, O2 and CO2.  Chlorophyll 

fluorescence was monitored by a FMS-1 pulse modulated fluorometer (Hansatech Instruments 

Ltd., Norfolk, UK) connected to the same DW2/2 chamber, allowing fluorescence and gas 

consumption/evolution to be monitored simultaneously. 

4.3.3 - Oxygen Scavengers and Chemical Inhibitors 

Depending on the experiment, oxygen was eliminated by addition of 10 mM glucose, 30 

U/ml glucose oxidase, and 500 U/ml catalase; by addition of 10 mM sodium dithionite, or by 

bubbling the chamber with N2 for eight minutes.  To generate constant microaerobic 

conditions, the chamber was sealed with 500 µl air headspace above the sample following 

addition of glucose, glucose oxidase, and catalase.  Under these conditions, oxygen diffused 

into an anaerobic sample at a rate of 42 nmol/min, measured by MIMS.  Glucose oxidase from 

Aspergillus niger removes oxygen relatively slowly under microaerobic conditions (Km[O2] = 200 

µM) (27).  In contrast, the native respiratory terminal oxidases of Synechocystis sp. PCC 6803 

have Km(O2) values of 1 µM (cytochrome oxidase) and 0.3 µM (quinol oxidase) (28).  The 

combination of glucose oxidase presence and air headspace above the culture maintains 

oxygen concentrations at or below the 0.5 µM detection limit of the MIMS instrument and well 

below the ~10 µM required to inhibit hydrogenase (11), while maintaining some level of oxygen 

availability to respiratory terminal oxidases. 

When chemical inhibitors were added to block specific metabolic pathways, final 

concentrations were 100 µM DCMU, 50 µM CCCP, and 1 mM KCN.  DCMU and CCCP have 

limited water solubility and are traditionally prepared as stock solutions in ethanol.  However, 
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as ethanol has a high vapor pressure and produces an interfering signal in mass spectrometry, 

we prepared stock solutions in dimethyl sulfoxide (DMSO).  Final concentrations of DMSO did 

not exceed 0.1%, and DMSO alone had no effect on hydrogen production at this concentration. 

4.4 - Results 

Exposure to low (sub-micromolar) concentrations of oxygen dramatically decreased light 

hydrogen production (Fig. 4-2A).  Dark hydrogen production was not affected, and oxygen 

levels remained well below the threshold of hydrogenase sensitivity.  Chlorophyll fluorescence 

also exhibited dramatically different patterns between microaerobic and true anaerobic 

conditions.  In microaerobic conditions, fluorescence spiked rapidly upon illumination, followed 

by a further rise over 10-20 seconds to a stable maximum (Fig. 4-2B,C).  In anaerobic conditions, 

the initial spike upon illumination was similar in magnitude, but the secondary rise was not 

observed.  Instead, fluorescence declined slowly during the first two minutes of illumination, 

followed by a slight rise and then a further decline after 6-7 minutes. 

Substitution of sodium dithionite for glucose, glucose oxidase, and catalase as an oxygen 

scavenger nearly eliminated dark hydrogen production and decreased photoproduction (Fig. 4-

3A).  Interestingly, hydrogen photoproduction continued at a steady rate throughout the 

illumination period with glucose but leveled off after 5-6 minutes with sodium dithionite.  

When the PSII inhibitor DCMU was added, hydrogen photoproduction was barely affected in 

the presence of glucose but was completely abolished in glucose-free conditions with sodium 

dithionite.  Surprisingly, DCMU did not produce maximal fluorescence upon illumination in the 
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presence of glucose (Fig. 4-3B), although the expected effect (stable, maximum fluorescence) 

was observed with sodium dithionite. 

 

 

Figure 4-2.  Hydrogen production (A) and chlorophyll fluorescence (B,C) with (dashed line) or 

without (solid line) 1 ml of air headspace above the sample.  The region between the vertical 

dotted lines in B is expanded in panel C, showing fluorescence during the first 20 seconds of 

illumination. Samples contained 1 mM glucose, 30 U/ml glucose oxidase, and 500 U/ml 

catalase.  Solid and open bars above the time scale represent periods of illumination  

(400 µE m-2 s-1) and darkness.  Hydrogen production in headspace samples was corrected for 

diffusive gas loss. 
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Figure 4-3.  Hydrogen production (A) and chlorophyll fluorescence (B) using either glucose-

glucose oxidase-catalase (Glucose) or sodium dithionite (SD) as oxygen scavenger, in the 

presence or absence of PSII inhibitor DCMU.  Solid and open bars above the time scale 

represent periods of illumination (400 µE m-2 s-1) and darkness.   

When the uncoupler CCCP was added to these same treatments, hydrogen 

photoproduction increased dramatically, continuing throughout the ten-minute illumination 

period and with no difference between glucose-glucose oxidase-catalase and sodium dithionite 

(Fig. 4-4).  This effect was PSII-dependent; in the presence of DCMU hydrogen photoproduction 

increased only slightly (with sodium dithionite) or not at all (with glucose).  Although hydrogen 

photoproduction with CCCP did not vary between glucose and sodium dithionite in MIMS 

experiments, examination of longer illumination timescales in GC vial experiments revealed -

differences (Fig. 4-5).  With sodium dithionite, hydrogen production may have been slightly 

accelerated initially relative to glucose but stopped abruptly after two hours of illumination.  

With glucose, hydrogen production continued at a gradually decelerating rate through the first 

twelve hours of illumination, at which point the cultures had become visibly yellowed.   
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Figure 4-4.  Effect of uncoupler CCCP on hydrogen production from Synechocystis sp. PCC 6803 

strain N7K, using glucose-glucose oxidase-catalase or sodium dithionite (SD) as oxygen 

scavengers, in the absence (left) or presence (right) of PSII inhibitor DCMU.   Solid and open 

bars above the time scale represent periods of illumination (400 µE m-2 s-1) and darkness.   

 

Figure 4-5.  Long-term hydrogen production from Synechocystis sp. PCC 6803 strain N7K, using 

glucose-glucose oxidase-catalase or sodium dithionite (SD) as oxygen scavengers in the 

presence of 50 µM CCCP.  Error bars represent standard deviation of three replicate 4-ml GC 

vials containing 3 ml cell suspension. 
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In the absence of an oxygen scavenger, ndhB-deficient Synechocystis sp. PCC 6803 

produces hydrogen and oxygen simultaneously, provided that oxygen levels do not rise high 

enough to inhibit hydrogenase.  In cultures made anaerobic by bubbling with N2 gas, transient 

hydrogen production is observed upon illumination (Fig. 4-6).  However, the ratio of hydrogen 

to oxygen produced quickly drops below 1:1.  Addition of the terminal oxidase inhibitor KCN  

  

 

Figure 4.6.  Simultaneous hydrogen (A) and oxygen (B) evolution from Synechocystis sp. PCC 

6803 strain N7K.  Samples were bubbled with nitrogen gas in darkness for eight minutes, 

followed by five minutes of dark incubation and ten minutes of illumination at 400 µE m-2 s-1.  

CCCP and KCN were added at 50 µM and 1 mM, respectively.  Panel C shows stoichiometry of 

hydrogen and oxygen evolution. 
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yields a brief (~30 s) phase of stoichiometric 2:1 hydrogen:oxygen, but after this point hydrogen 

evolution drops to a small fraction of net oxygen production.    In the presence of CCCP, the 

opposite trend is observed, with elevated hydrogen and decreased oxygen yielding a variable 

stoichiometric ratio generally above 4:1.  Finally, when KCN and CCCP are added together, both 

hydrogen and oxygen are evolved continuously over the 10-minute illumination period, with a 

stable stoichiometric ratio just above 2:1. 

4.5 - Discussion 

 The soluble, bidirectional (NiFe) hydrogenase of cyanobacteria produces hydrogen 

following the reaction 2 H+ + 2 e- <-> H2, with protons supplied from the cytoplasm and 

electrons supplied from either NADH or NADPH (29).  Photosynthesis produces only NADPH 

directly, and as there is no evidence of transhydrogenase activity in Synechocystis sp. PCC 6803 

(30), NADPH can be assumed as the primary electron donor during direct biophotolysis.  As the 

concentration of the enzyme and the total size of the NAD(P)(H) pools are unlikely to change 

substantially during the course of a 15-minute experiment, the observed rate of hydrogen 

production reflects the availability of protons (i.e. cytoplasmic pH), the redox potential of 

NADP(H) (i.e. the ratio of the reduced form to the total pool size), the concentration of 

dissolved H2, and the activity of the enzyme.   

 Like all known cyanobacterial hydrogenases, the (NiFe) hydrogenase found in 

Synechocystis sp. PCC 6803 is sensitive to molecular oxygen (13).  However, this enzyme shares 

some features with known oxygen-tolerant hydrogenases, including rapid reactivation following 

oxygen inhibition and residual activity in the presence of low levels of oxygen.  In the context of 
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protein film voltammetry, 25-50% of enzyme activity is retained in the presence of 1% (~13 µM) 

O2 (11).  These results cannot be directly extrapolated to in vivo conditions, but it is nonetheless 

clear that simultaneous hydrogen and oxygen evolution should be possible under low oxygen 

partial pressures. 

 When glucose-glucose oxidase-catalase is used as an oxygen trap, hydrogen 

photoproduction from ndhB-deficient Synechocystis sp. PCC 6803 is extremely sensitive to any 

amount of dissolved oxygen.  This effect is observed at sub-micromolar oxygen concentrations 

well below that required for hydrogenase inhibition and is accompanied by a shift in chlorophyll 

fluorescence.  In microaerobic conditions, the slow fluorescence rise observed during the first 

10-20 seconds of illumination is consistent with the previously observed “S to M” rise, which 

has recently been conclusively attributed to a State 2-to-State 1 transition (23).  The absence of 

this rise in true anaerobic conditions further suggests that these cells are locked in State 2, with 

excitation energy preferentially directed to PSI, and this is further supported by the observation 

that the PSII inhibitor DCMU has little effect on hydrogen production in these conditions.  Thus, 

hydrogen photoproduction in the presence of glucose appears to be almost entirely a PSI-

driven photofermentation process with only a slight contribution from PSII (Fig. 4-7A).  When 

oxygen is available, excitation energy is shunted to PSII with an associated drop in hydrogen 

evolution. 

 The primary sink for photosynthetic electrons under microaerobic conditions remains 

unclear.  Respiratory terminal oxidases are a possible candidate, as these enzymes have a very 

high affinity for oxygen with Km < 1 µM (28), and state transitions are governed by the redox 
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potential of the PQ pool with oxidation (e.g. by terminal oxidases) driving a transition to State 1 

(24).  Enhanced hydrogen production has been demonstrated from terminal oxidase deletion 

mutants of Synechocystis sp. PCC 6803 (15).  However, these mutants had intact cyclic electron 

flow and carbon concentration pathways, and the observed hydrogen production upon 

illumination remained transient, replaced by uptake upon activation of the Calvin Cycle.   

 Sodium dithionite (sodium hydrosulfite) scavenges oxygen by the following reaction, 

producing sodium bisulfate and sodium bisulfite. 

Na2S2O4 + O2 + H2O → NaHSO4 + NaHSO3 

Unlike the glucose-glucose oxidase-catalase trap, sodium dithionite does not provide 

biologically available reductant.  Photoproduction of hydrogen was observed with sodium 

dithionite, but in this case it was entirely PSII-dependent, with no hydrogen detected in the 

presence of DCMU (Fig. 4-7B).  It thus appears that both PSII water splitting and catabolic 

processes can supply electrons for photobiological hydrogen production in cyanobacteria.  This 

is similar to observations of partial PSII dependence of hydrogen production in the green alga 

Chlamydomonas reinhardtii (31, 32) and reflects the flexibility of merged respiratory and 

photosynthetic electron transport chains. 

While proceeding initially at a rate similar to what was observed with glucose, hydrogen 

production with sodium dithionite nearly stopped after five minutes of illumination.  One 

logical hypothesis for this is that linear electron transport yields a greater proton translocation 

per electron transported relative to photofermentation, and in the absence of ATP-consuming 

reactions this may allow the transthylakoid electrochemical proton gradient to reach a point 
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that either inhibits electron transport or raises cytoplasmic pH such that proton availability to 

the hydrogenase is limiting. 

 

 

 

Figure 4-7.  Inferred primary electron flow pathways during anaerobic photosynthesis in ndhB-

deficient Synechocystis sp. PCC 6803.  A) Oxygen removed by addition of glucose, glucose 

oxidase, and catalase.  B) Oxygen removed by addition of sodium dithionite. 
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 To test this hypothesis, we added CCCP, an ionophore that permits free movement of 

protons across the thylakoid membrane.  Addition of CCCP dramatically enhanced hydrogen 

production rates with both oxygen scavenger systems, with no difference observed between 

sodium dithionite and glucose-glucose oxidase-catalase in the presence of CCCP.  The 

hydrogen-enhancing effect of CCCP was PSII-dependent and was not observed in the presence 

of DCMU.  Uncoupling of photophosphorylation may enhance hydrogen production by at least 

three related mechanisms.  First, photosynthetic electron transport rates may be released from 

inhibition by an excessive proton gradient which forms in the absence of ATP demand.  A 

decrease in thylakoid lumen pH, associated with an increased pH gradient, has been shown to 

inhibit PQH2 oxidation by the cytochrome b6-f complex in chloroplasts (33), and a similar effect 

has been observed in cyanobacteria (34).  Second, relaxation of the transthylakoid pH gradient 

results in a decrease in cytoplasmic pH (35), increasing [H+] and shifting the equilibrium of the 

hydrogenase reaction in favor of molecular hydrogen.  Along these lines, Bonatti et al. (36) 

found that the stimulatory effect of CCCP on hydrogen production could be replicated by 

lowering the media pH from 7.5 to 4.4.  Finally, addition of CCCP accelerates catabolic reactions 

that generate ATP and CO2 (37), resulting in production of NADH/NADPH.  This effect should be 

observed in the dark as well, and we did observe an increase in dark hydrogen production upon 

CCCP addition though this remained small relative to hydrogen photoproduction. 

 Over longer time scales, hydrogen photoproduction with CCCP persisted for two hours 

with sodium dithionite and 12 hours with glucose, glucose oxidase, and catalase.  Cells cannot 

survive for long in the absence of ATP production, so ultimate cessation is not surprising and 
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likely reflects cell death.  In addition to its ionophore function, CCCP is a so-called ADRY agent, 

degrading the water-splitting complex of PSII over time (38).  This may explain the shorter 

duration of hydrogen production with sodium dithionite, as electron flow to hydrogen is almost 

entirely PSII dependent whereas with glucose there is a larger PSII-independent 

photofermentative component. 

 As long as oxygen concentrations remain low enough to avoid hydrogenase inhibition, 

ndhB-deficient Synechocystis sp. PCC 6803 should be capable of producing hydrogen and 

oxygen simultaneously.  This provides a means to probe electron flow pathways, as 

biophotolysis should yield a hydrogen/oxygen ratio of 2:1 in the absence of additional sources 

or sinks.  With no inhibitors added, hydrogen production is transient and net oxygen production 

exceeds hydrogen production, indicating that at least one other non-respiratory pathway is 

consuming electrons generated from PSII.  Addition of potassium cyanide to block respiratory 

terminal oxidases does not dramatically alter hydrogen or oxygen evolution.  Addition of CCCP 

results in greatly enhanced hydrogen production in combination with decreased oxygen 

production, yielding a varying hydrogen/oxygen ratio in the range of 3-8.  This indicates an 

electron source in addition to PSII, most likely SDH-mediated reduction of PQ from breakdown 

of endogenous carbohydrates (30), with electrons traveling through PSI to hydrogen as is 

observed upon addition of glucose.  Finally, when potassium cyanide and CCCP are added 

together, both hydrogen and oxygen are evolved continuously, with a stable ratio between 2 

and 3.  Under these conditions, it appears that biophotolysis (i.e. the linear flow of electrons 

from water to hydrogen) is the dominant pathway. 
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4.6 - Conclusions 

 Under completely anaerobic conditions, cyanobacteria are capable of efficiently 

partitioning photosynthetic electron flow toward hydrogen production.  This is contingent on 

inactivation (13) or downregulation (14) of cyclic electron flow and carbon concentration via 

NDH-1, and hydrogen production is enhanced and prolonged by addition of the ionophore 

CCCP.  Both PSII water splitting and fermentative metabolism can supply electrons to the PQ 

pool, with the fermentative pathway dominating in the presence of exogenous glucose.  

However, glucose availability has no effect on the maximum rate of hydrogen production with 

CCCP, indicating that PSII activity is not rate-limiting. 

 While spatial and/or temporal separation of hydrogen and oxygen evolution may prove 

feasible, direct biophotolysis with simultaneous evolution of hydrogen and oxygen promises 

greater conversion efficiencies with lower energy inputs.  Most work in this regard has focused 

on understanding and engineering the oxygen sensitivity of the hydrogenase enzyme.  An 

oxygen-tolerant hydrogenase will indeed be essential for direct biophotolysis, but our results 

suggest that insertion of an oxygen-tolerant hydrogenase will not be sufficient, as electron flow 

to hydrogen slows and ultimately stops at oxygen concentrations well below that required to 

inactivate the hydrogenase.  This effect can be eliminated by addition of CCCP, allowing 

hydrogen production at oxygen concentrations approaching the in vitro demonstrated oxygen 

tolerance of the enzyme. 

 A number of hypotheses can be proposed to explain this low-level oxygen effect, and all 

warrant further investigation in the interest of improving direct biophotolysis. 
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1. Respiratory terminal oxidases capture electrons from the PQ pool, creating a short-

circuit back to oxygen.  This is supported by the observed state transition indicating PQ 

oxidation in microaerobic conditions (24), but preliminary experiments show no 

improvement in hydrogen yield upon inhibiting terminal oxidases with potassium 

cyanide. 

2. The Mehler reaction allows a short circuit to oxygen on the acceptor side of PSI.  

However, previous work has shown a very limited improvement in hydrogen production 

upon inactivation of this reaction (14), and preliminary experiments show that the 

marked decrease in hydrogen production in microaerobic conditions persists in a flv3 

deletion strain with no functional Mehler reaction. 

3. One or more unidentified electron sinks on the acceptor side of PSI require both oxygen 

and ATP and/or a proton gradient.  This is supported by the observation of 

hydrogen:oxygen production ratios lower than 1:1 in the absence of added CCCP.  One 

logical candidate is residual carbon fixation through the Calvin Cycle, utilizing natural 

dissolved bicarbonate in the absence of a functional carbon concentrating mechanism.  

Additional experiments with chemical inhibitors or genetic deletions will be necessary to 

confirm the identity of residual electron sinks. 

4. An oxygen-sensing mechanism drives physiological changes.  Cyanobacteria have 

multiple redundant mechanisms to prevent oxidative damage, and the hydrogenase 

appears to have evolved to function in this role only on short time scales of a minute or 

less (39).  Hydrogenase activity may be specifically downregulated in the presence of 
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oxygen, or photosynthetic electron transport may be adjusted to limit overreduction of 

NADP(H). 

Our results suggest possibilities for improvement of direct photobiological hydrogen 

from cyanobacteria but also highlight the immense challenges ahead.  Even with an oxygen-

tolerant hydrogenase, efficient aerobic biophotolysis will require a concerted genetic 

reprogramming of the electron transport chain to downregulate leakage to oxygen, carbon 

fixation, and potentially additional pathways.  It remains uncertain whether this can be 

achieved while maintaining viability and stability of the mutant strains, but as cyanobacterial 

biotechnology continues to improve the enduring goal of self-replicating solar hydrogen 

factories should inspire ongoing research in this area. 
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CHAPTER 5 - CONCLUSIONS 

 In the course of this work we have a) developed and characterized a family of nitrate-

inducible, ammonium repressible promoters for use in cyanobacterial biotechnology, b) applied 

these promoters to the ndhB gene in Synechocystis sp. PCC 6803 to produce strains that can be 

switched between growth and hydrogen production phenotypes, and c) used chlorophyll 

florescence and chemical inhibitors to investigate electron flow pathways during hydrogen 

production in ndhB-deficient Synechocystis sp. PCC 6803.  The promoters represent part of a 

small but growing toolkit of cyanobacterial “metabolic switches” that can be used to trigger 

physiological changes on an industrial scale.  Our investigations into electron flow pathways 

during direct photobiological hydrogen production provide insights into future genetic 

manipulations that will be required if direct biophotolysis is to be achieved.  In our concluding 

remarks we briefly examine the applications of our findings and consider direct biophotolysis in 

the context of the future of biosolar hydrogen. 

 A variety of inducible promoters have been applied to transgene expression or native 

gene control in cyanobacteria.  Only a few of these, however, are suited to dynamic cycling in 

industrial applications.  An industrially-useful dynamic promoter must be induced or repressed 

by a substance that is dispensable for cell growth and survival but also unstable and/or 

consumed by the cells, allowing for cycles of induction and repression while avoiding the need 

to completely change the media.  Promoters controlled by metal ion concentrations are not 

ideal, as these ions are consumed slowly by the cells and control of these ion concentrations in 

nanomolar or micromolar ranges becomes difficult at scale.  A number of projects have aimed 
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to produce an IPTG-inducible promoter in cyanobacteria (1-3); while IPTG induction has 

become standard in the lab, reagent cost becomes prohibitive at larger scales (4).   

 Carbon- and nitrogen-regulated promoters are good choices for dynamic control, as 

these substances are rapidly consumed by the cells allowing for “autoinduction” or 

“autorepression” as the inducing or repressing trigger is depleted.  Low carbon availability 

triggers upregulation of the bicarbonate transporter genes cmpA and sbtA, and the promoters 

from these genes have been applied to low carbon-inducible transgene expression with an eye 

toward industrial applications (5).  Many species of cyanobacteria are capable of utilizing either 

nitrate or ammonium as nitrogen sources, with energy conservation selecting for tight 

repression of nitrate reduction genes in the presence of more-reduced ammonium.  While 

nitrate-inducible nirA promoters have been applied before in cyanobacteria (6-9), this is the 

first work to characterize and compare multiple versions of this promoter in terms of dynamic 

range and induced/repressed activity relative to benchmark cyanobacterial promoters.  These 

promoters will provide metabolic engineers with an enhanced toolkit to switch genes between 

induction at a prescribed expression level and repression with minimal leakage.  For biofuels 

that are continuously secreted, growth vs. fuel production will always present a trade-off in 

terms of energy and electron flux, and dynamically controllable promoters should allow for 

cycling of a batch culture between fuel production and culture renewal phases. 

 The cyanobacterial bidirectional (NiFe) hydrogenase is a poor competitor for 

photosynthetic reductant due primarily to the relative redox potentials of NADP+/NADPH and 

H+/H2 at physiological conditions (10).  Thus while sustained hydrogen photoproduction can be 
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observed from wild-type green algae possessing ferredoxin-dependent (FeFe) hydrogenases 

(11), this phenomenon is observed in cyanobacteria only upon inactivation of cyclic electron 

flow and carbon assimilation (12).  We created strains with inducible downregulation of ndhB, 

an essential component of the NDH-1 complex required for both cyclic electron flow and 

carbon assimilation, and observed that these strains exhibited continuous hydrogen 

photoproduction in anaerobic conditions when grown in ammonium but reverted to the wild-

type phenotype of transient hydrogen production when grown in nitrate.  These strains both 

demonstrate the successful biotechnological application of multiple nirA promoters to in situ 

promoter replacement and provide a platform upon which further inducible mutations can be 

added to improve hydrogen and/or other biofuel production.  Elimination of the Mehler 

reaction does not markedly improve hydrogen production from ndhB-deficient Synechocystis 

sp. PCC 6803 under anaerobic or microaerobic conditions.  While the high observed rates of 

photosynthetic electron flux through this pathway (13) suggest that it would be a good 

candidate for deletion to improve aerobic biofuel production, the cyanobacterial Mehler 

reaction does not appear to compete strongly with hydrogenase at low O2 partial pressures.   

 Both PSII water splitting and photofermentative carbohydrate metabolism can supply 

electrons to hydrogenase via PSI, with the latter process strongly favored in the presence of 

exogenous glucose.  This highlights the flexible nature of the combined photosynthetic-

respiratory electron transport chain in cyanobacteria and is consistent with similar observations 

in green algae (14, 15).  Regardless of electron source, hydrogen production is dramatically 

enhanced by addition of the uncoupler CCCP, indicating likely inhibition of electron flow by the 
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transthylakoid proton gradient and/or decreased cytoplasmic pH.  Sub-micromolar oxygen 

concentrations strongly inhibit hydrogen evolution, an effect unlikely due to direct hydrogenase 

inhibition as it is not observed in the presence of CCCP.  Although several hypotheses could 

explain this phenomenon, it seems likely that one or more competing electron flow pathways 

depend on availability of oxygen plus ATP and/or a proton gradient.  As hydrogen:oxygen 

evolution ratios remain well below stoichiometric 2:1 and cyanide addition does not enhance 

hydrogen production, it appears that the competing pathway or pathways do not involve direct 

electron flow to oxygen. 

 In anaerobic conditions, ndhB inactivation/downregulation and uncoupling of the 

proton gradient are sufficient to yield a sustained flow of electrons from water to hydrogen in 

Synechocystis sp. PCC 6803.  CCCP is cytotoxic and directly inactivates PSII over time (16), with 

hydrogen evolution ceasing after two hours in sodium dithionite and twelve hours in glucose.  

Inducible expression of a heterologous uncoupling protein in ndhB-deficient strains may allow 

this hydrogen production to be prolonged from hours to days.  Chemical oxygen scavengers are 

both expensive and energy-intensive and are not an option on an industrial scale.  However, 

spatial (i.e. in heterocysts) or temporal separation of hydrogen and oxygen production provide 

possibilities for anaerobic hydrogen production, albeit at lower efficiency than the direct 

pathway. 

 Hydrogen production in microaerobic or fully aerobic conditions remains a challenge for 

reasons beyond the limited oxygen tolerance of the bidirectional hydrogenase.  Even if an O2-

tolerant hydrogenase is inserted, our results suggest that multiple additional manipulations will 
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be required to maintain hydrogen production.  Oxygen serves as a direct electron sink via 

respiratory terminal oxidases and the Mehler reaction, and it may activate additional pathways 

dormant in anaerobic conditions.  Photosynthetic organisms have evolved multiple redundant 

mechanisms to prevent overreduction of redox carriers in aerobic conditions, and it will likely 

prove challenging to inactivate or downregulate these mechanisms while maintaining cell 

viability.  If hydrogen is to be produced in aerobic conditions, a direct PSI-hydrogenase fusion 

(17-20) may well prove more promising than relying on natural ferredoxin or NADP(H) redox 

mediators. 

 Biosolar hydrogen has advantages in terms of low carbon requirements and simple 

extraction from culture media, but it remains unclear at this point which, if any, biosolar fuel 

will prove to be commercially viable.  Even if hydrogen can be produced efficiently, it must be 

purified from other headspace gases at atmospheric pressure and then compressed for storage, 

both energy-intensive processes that may negate any energetic advantages.  Whether 

hydrogen, ethanol, biodiesel, or some other biomolecule is the ultimate target, our 

development and characterization of industrially-useful inducible promoters and investigations 

into competing redox pathways contribute to an expanding toolkit for cyanobacterial 

biotechnology.  
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CHAPTER 6 – SOCIETAL IMPACT OF RESEARCH 

 In the current political climate of the United States, alternative energy remains very 

much a “liberal” or “environmentalist” cause, as the societal and environmental costs of fossil 

fuel extraction and use are diffuse and easily externalized:  climate change, ocean acidification, 

acid rain, smog, mercury deposition, and the list goes on.  These problems add billions of dollars 

of costs in health care, food security, and disaster recovery which, if calculated into the cost of 

energy, would diminish the oft-stated economic advantage that fossil energy holds over 

alternative technologies.  Looming even larger than these concerns, and of equal relevance to 

all ideologies and political parties, is the irrefutable fact that we cannot extract a finite resource 

for an infinite period of time. 

 No discussion of the future of energy is complete without a careful examination of 

Energy Return On Investment, or EROI.  Every energy source, whether coal, oil, wind, or 

sunlight, requires energy to tap.  Coal must be mined, oil must be drilled, wind turbines must be 

constructed and transported, photovoltaics must be manufactured, and biofuel crops must be 

planted, fertilized, harvested, transported, and processed.  In general, the higher the EROI, the 

more viable an energy source will be from an economic perspective, and no energy technology 

with an EROI less than one is worth pursuing.  Because we cannot afford to devote our entire 

economy to the procurement of energy, it has been estimated that an EROI of 3:1, i.e. three 

units of energy returned for every unit invested, is the minimum required to maintain a 

technological society (1). 
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 The EROI of fossil fuels is rapidly declining.  Shallow, porous oilfields tapped in the 1930s 

had EROI values approaching 100:1.  Today’s hydraulic fracturing of oil-bearing shale at depths 

exceeding 10,000 feet requires orders of magnitude more energy, and the EROI of these wells is 

closer to 10:1.  Tar sands and kerogen shales, heralded as the future of oil, have EROI between 

3:1 and 5:1, barely high enough to maintain an industrial society (2).  As EROI decreases, cost 

increases, putting pressure on the economy until there is no choice but to use less energy, a 

phenomenon more commonly described as “recession” or “depression.”  Because fossil fuels 

are finite, EROI will inevitably increase as more and more difficult sources are tapped.  There is 

no escape from this treadmill without developing renewable resources, and that, from this 

researcher’s perspective, is the most rock-solid justification available for devoting research 

dollars to alternative energy. 

 Historically, renewable energy resources (with the exception of widely-adopted 

hydropower) have had lower EROI values than fossil resources, but this is changing as EROI 

continues to improve for renewables and deteriorate for coal, oil, and natural gas.  Calculation 

of EROI is subject to the same ambiguities as any life-cycle analysis with regard to what energy 

inputs to include.  As such there have been a range of estimates for each technology, and 

insights can be gained from meta-analysis.  Current estimates include 18:1 for wind power, 7:1 

for solar photovoltaic, and around 1.3:1 for corn ethanol, the most widely-adopted biofuel (2).   

 Biofuels have the lowest EROI values of any renewable energy technology in widespread 

use, a fact often pointed out by critics.  It is true that the 30% energy gain of corn ethanol is far 

too low to support society as a stand-alone source, and that the reasons for its current 
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prevalence stem primarily from factors unrelated to energy, namely a surplus of corn resulting 

in low prices and a need in the petroleum industry to replace methyl tert-butyl ether (MTBE) 

with a more environmentally-friendly oxygenation additive.  However, biofuels also have 

advantages, principally that they are storable liquids and gases more useful as transportation 

fuel than the electricity produced by wind, solar, and hydropower.  Furthermore, biofuels offer 

the potential of much higher EROI simply because they are self-assembling.  A silicon-based 

photovoltaic cell must be refined, crystallized at high temperature, doped, wired, and glazed 

before it can convert solar radiation into a useful form.  The energy-converting photosystems in 

plants, algae, and cyanobacteria self-assemble using basic mineral nutrients and absorbed solar 

energy.   

 As discussed in the introduction, it costs around 30 times less on an annual basis to 

plant an acre into a biofuel crop for thirty years than to install a photovoltaic array with a 30-

year lifespan on the same acre.  This is the advantage of self-assembly.  However, the 

photovoltaics are around 120-fold more efficient at converting sunlight to energy, tipping the 

long-term cost/benefit and EROI comparisons in favor of photovoltaics.  The ultimate aim of 

this research is to bring the efficiency of biofuels closer to the theoretical maximum efficiency 

of photosynthesis, taking advantage of the self-manufacturing and self-replicating properties of 

biological systems to achieve reduced costs and enhanced EROI relative to nonbiological solar 

conversion systems.  As the solar resource is immense relative to our energy needs, such an 

achievement would provide a breakthrough in alternative energy of benefit to current and 

future societies. 
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 In addition to the potential for energy generation, it is worth considering what a solar 

bioenergy economy might look like, and what effects such an economy would have on human 

societies.  Relative to our current fossil infrastructure, a solar-based energy infrastructure 

would by necessity be distributed, or decentralized.  This is a function of the distributed nature 

of solar radiation.  Some areas of the globe receive higher solar irradiance than others due to 

latitude and cloud cover, but this difference is nowhere near as dramatic as the uneven 

distribution of coal, oil, and gas fields across the globe.  Centralized energy infrastructure is 

vulnerable to accidents, sabotage, or natural disasters, resulting in volatility in supply and costs, 

and it allows for concentration of environmental impacts, raising environmental justice 

concerns.   In contrast, distributed energy infrastructure is more resilient, with greater stability 

across time and space.  As communities that use the energy would also share in the costs (land, 

water, resources) of its generation, impetus for conservation and stewardship may be increased 

as well.  Energy would cease to be the domain of miners and drillers, becoming instead the 

domain of farmers, and home and business owners might even install bioenergy crops on green 

roofs or in extended gardens. 

 On the negative side, all life on Earth is primarily water, and fresh water is in limited 

supply across much of the world.  Photovoltaic panels require no water once installed, while 

energy crops must be irrigated where rainfall is insufficient and ponds or bioreactors for algae 

or cyanobacteria would require millions of gallons of water.  This water demand will present a 

challenge.  It is possible to design recirculating enclosed bioreactors that require almost no 

additional water once filled, but these require energy for construction and maintenance, 
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decreasing EROI and adding cost.  It is quite possible that water-free concentrated solar and 

photovoltaic technologies will be the ultimate winners in arid regions, with biofuels confined to 

areas with sufficient water.  A number of species of marine algae and cyanobacteria can be 

grown in seawater, potentially tapping an unlimited water resource in coastal areas.  In all 

cases, biofuel demand for water will need to be carefully balanced with other human and 

ecosystem requirements. 

 Given the distributed nature of solar radiation, large areas of land will be required if we 

are to meet a significant portion of our energy needs using solar technology, whether biological 

or nonbiological.  Developed land (rooftops, parking lots) can be converted without significant 

impact, but undeveloped land will be required as well.  As with water demands, these land 

requirements must be balanced with the requirements for food production, ecosystem 

services, and biodiversity conservation.   

 Finally, this work used a genetic modification approach to enhance solar biohydrogen, 

and it is likely that genetically modified organisms will be employed for solar bioenergy.  

Organisms have evolved to optimize growth and reproduction, whereas bioenergy applications 

demand optimization based on different parameters, e.g. hydrogen production, lipid content, 

or light-use efficiency.  While artificial selection can provide improvement over time, genetic 

engineering provides a much faster, more precise means of redirecting photosynthetic energy 

flows toward a desired product.  Given that modification of organisms to produce a product 

rather than grow and reproduce tends to decrease evolutionary fitness, the likelihood of 

producing “superplants” or “superalgae” that escape and proliferate in natural systems is 
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relatively small, though it will be appropriate to carefully examine the risk of proliferation or 

horizontal gene transfer before any genetically modified organism is deployed on a large scale.   

 More challenging than the actual risks, from a societal perspective, is the PR problem 

that all genetic modification has acquired with the general public, and in particular with that 

section of society most supportive of alternative energy.  The people who are most willing to 

install photovoltaics on their roofs and pay a surcharge for renewable electricity are least 

willing to be associated with genetic modification in any way.  The roots of this PR problem are 

complex and beyond the scope of this analysis, but it stems in part from an apparent conflict of 

interest with the first genetically modified organisms owned, released, and promoted by 

corporations aiming to profit from them.  Regardless of the causes, poor public perceptions of 

genetic modification pose a challenge if the ultimate goal is for optimized solar bioenergy crops, 

algae, and cyanobacteria to become as ubiquitous as solar panels on the roof and tomatoes in 

the backyard. 

 While focused specifically on increasing solar biohydrogen from cyanobacteria, this 

work provides new tools for cyanobacterial biotechnology and insights into photosynthetic 

electron transport that will be relevant for any solar bioenergy project.  Current-generation 

biofuels have very low EROI and have been rightly critiqued by those who feel that green 

energy dollars could be better spent elsewhere.  This does not, however, diminish the potential 

of biological systems to provide low-cost, high-EROI solar energy conversion in the future, and 

from the perspective of this researcher continued investment is well justified even in the 

absence of short-term commercialization potential.  
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