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Many conditions affecting hydrogen (H2) production by the cyanobacterium, 

Synechocystis sp. PCC 6803, were optimized to yield maximum H2 accumulation.  

Biological H2 production from photosynthetic species is a promising form of 

renewable energy since an abundant supply of sunlight hits the Earth every day, and 

photosynthetic bacteria can harness this solar energy and efficiently split water to 

produce H2 in a safe, clean manner.  The H2 could then be used in fuel cells in a closed 

cycle, with water and heat as the only byproducts.  There are many techniques 

currently in development to maximize H2 production.  We chose to use statistical 

optimization procedures to identify the factors which have the greatest impact on H2 

production, and simultaneously optimize them.  Initially we optimized concentrations 

of NH4
+, HCO3

-, and SO4
2-, and achieved a 148-fold increase in H2 production over 

sulfur deprived cultures, which have been shown to produce more H2 than cultures 

grown on complete BG-11 media.  With 0.52 mM NH4
+, 20.1 µM SO4

2-, and 46 mM 

HCO3
-, 0.81±0.36 µmol H2 mg Chl-1 h-1 was obtained.  This increase was associated 

with a 44-fold increase in glycogen concentration over cultures grown on BG-11.  



Glycogen breakdown provides substrate to the hydrogenase enzyme under dark, 

anaerobic conditions.  Since interaction effects are strong, we then optimized pH and 

NH4
+ simultaneously, and achieved another 1.94-fold increase over the previously 

optimized media.  This was achieved with an advanced optimization algorithm, which 

had never been applied to biotechnological applications.  Both of these increases in H2 

production were accomplished under optimal glycogen accumulation conditions, 

which include acclimation to the media formulation over an extended light period, 

followed by immediate anaerobic, dark fermentative conditions.  In an additional 

study we explored 24-hour H2 production under natural, diurnal light/dark cycling, and 

examined glycogen accumulation dynamics as well as electron availability to the 

hydrogenase.  Electron availability was manipulated by exposing the cultures to 

various inhibitors of enzymes in the photosynthetic and respiratory electron transport 

chains.  Over 3 days, with 9.4 mM KCN and 1.5 mM malonate in the previously 

optimized media we were able to increase H2 production 30-fold over standard BG-11 

without inhibitors.   
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Optimization of Environmental Conditions and Electron Flow for 
Enhanced Hydrogen Production by Cyanobacterial Species 

Synechocystis sp. PCC 6803 
 

CHAPTER 1 ~ GENERAL INTRODUCTION 
 

The need for renewable energy 

 Over the past 150 years, human society has made tremendous use of 

compacted plant material, which nature spent hundreds of thousands of years 

compressing into an energy-dense liquid commonly known as oil.  We have been 

using this supply of oil at a rate orders of magnitude greater than it is replenished.  Oil 

accounts for over 95% of all energy used for transportation in the Unites States, and 

transportation accounts for slightly more than half of total world oil use (International 

Energy Outlook, US Department of Energy, 2008).  Since society as we know it today 

is dependent on this readily available energy source, we are struggling to develop 

creative ways to harness and efficiently use forms of energy that are renewed on much 

faster time scales.  This rapid use of oil has harmed the Earth’s atmosphere and 

ecosystems and has created political unrest across many nations.  A cleaner, safer 

option is desperately needed.    

 

“The Hydrogen Economy” 

 The buzz word “Hydrogen Economy”, which has many implications, 

represents a vision of an entirely new way to provide energy worldwide.  Equivalent 

terms such as “wind economy”, “wave economy”, “solar economy”, etc., are not 
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nearly as common, possibly because these other forms of renewable energy (that are 

often included with hydrogen in lists of viable alternatives) represent stationary ways 

to produce electricity, whereas hydrogen is a transportable, tradable energy carrier, 

and substantial infrastructure changes would be required in order for it to be used 

worldwide.  Hydrogen can be burned for energy, but it is most effectively used in fuel 

cells, which can achieve efficiencies over 80% (1).  The concept of the “Hydrogen 

Economy” was developed by John Bockris in 1962 (16), and the vision has been 

evolving ever since, as new technology is developed.  Hydrogen is the most abundant 

element on earth, but it most often occurs bound in molecules such as H2O and CH4, 

rather than in its usable, gaseous form, H2.   

 

Biosolar H2 production 

 One of the major criticisms of “The Hydrogen Economy” is that it takes energy 

to break the bonds of H2O and CH4, to produce H2, and currently 95% of H2 is 

produced by natural gas reforming (2), which produces CO2, is performed at high 

temperature and pressure in large, centralized plants, and usually relies on 

nonrenewable energy.   

 Many microorganisms have naturally occurring H2 producing enzymes; these 

organisms range from E. coli (69) and other heterotrophs to autotrophs such as purple 

non-sulfur bacteria (11), algae and cyanobacteria (30, 76).  While heterotrophic 

organisms can utilize waste products as the substrate to produce H2, this dissertation 

focuses on autotrophic bacteria because they utilize renewable, abundant solar energy; 

the Sun provides 13,500 times more power to the outer atmosphere than is needed to 
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meet global energy demand (44).  Autotrophic bacteria produce H2 naturally at 

ambient temperature and pressure, they reproduce quickly with minimal nutrient 

inputs, they do not compete with food stocks, they can produce H2 in distributed, 

small-scale systems close to the point of use, they take in CO2 as they grow, and they 

do not use any arable land.  Additionally, some species of photosynthetic bacteria do 

not require freshwater.  There are several ways to estimate the theoretical maximum 

efficiency of biosolar H2, and one such analysis has been done by Prince and Kheshgi 

(60) who estimated that indirect biophotolysis, using photosynthesis to build up 

carbohydrate, and then using the hydrogenase enzyme in an anaerobic environment, 

could be up to 27% efficient.   

 

Mechanisms of Biosolar H2 Production 

 There are two types of enzymes that produce H2, hydrogenases and 

nitrogenases enzymes, and three methods of H2 production: 1) direct channeling of 

energized electrons from photosynthesis to the hydrogenase enzyme, which requires 4 

photons per H2 molecule, 2) indirect buildup of carbohydrates during photosynthesis 

followed by electron flow from fermentation to the hydrogenase during dark, 

anaerobic conditions, which requires 6 photons per H2 molecule, and 3) H2 production 

by the nitrogenase found in nitrogen-fixing cyanobacteria, which requires 42 photons 

per H2 molecule (44).  Both hydrogenase and nitrogenase enzymes are oxygen 

intolerant, and since the first pathway occurs during oxygenic photosynthesis, the 

hydrogenase is not fully functional.  In addition, it is more convenient to produce H2 in 
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the absence of oxygen to avoid separation issues and explosive conditions.  The 

nitrogenase pathway uses more energy because it requires ATP synthesis and 7 

NADPH per H2 molecule; therefore the focus of this dissertation is on the second 

method listed.  Both algae and cyanobacteria have hydrogenase enzymes: [FeFe] type 

in algae and [NiFe] type in cyanobacteria (30).   

 

Synechocystis sp. PCC 6803 and H2 Production 

The research in this dissertation involves one cyanobacterial species, 

Synechocystis sp. PCC 6803, chosen for several reasons.  It has been named “the E. 

coli of photosynthetic organisms” since it has been used as a model system for studies 

of photosynthesis for decades.  It grows comparatively rapidly, and it has been shown 

to produce 4-6 times more H2 than other species in the presence of methyl viologen, 

an artificial electron donor (67).  And Schmitz et al. (65) found that the Synechocystis 

sp. PCC 6803 hydrogenase had three times higher specific activity than that of 

Synechococcus sp. PCC 6301.  From a genetic standpoint, its relatively small genome 

has been fully sequenced and all of its open reading frames (ORFs) have been 

annotated (37, 52).   

Synechocystis sp. PCC 6803 has been reported by multiple sources to have one 

hydrogenase, a bidirectional [NiFe] hydrogenase that uses NADPH as its source of 

electrons.  This hydrogenase is loosely associated with the thylakoid membrane in a 

position to accept reducing power directly from the light reactions of photosynthesis, 

after electrons are excited by both photosystems I and II (PSI and PSII) and have 
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passed through the numerous intermediate carriers, lastly ferredoxin (Figure 1.1).  The 

photosynthetic electron transport chain not only involves linear electron flow, but also 

to a lesser extent cyclic and pseudocyclic electron transport in order to maintain the 

correct ratio of NADPH and ATP to meet cellular demand (3, 4, 33).  While linear 

electron transport feeds protons to the thylakoid lumen, thus increasing the proton 

gradient to fuel the ATPase enzyme to produce ATP, the NADPH/ATP ratio is smaller 

than the required 3/2 needed for the Calvin Cycle.  Cyclic electron transport around 

PSI produces extra ATP for the cell, but cannot proceed if the system is fully reduced, 

so the pseudocyclic pathway uses the O2 produced in the splitting of water at PSII to 

accept electrons from ferredoxin before they are used to reduce NADP+.      

 

 

 

 

 

 

 

Figure 1.1.  Photosynthetic pathways in Synechocystis sp. PCC 6803, from light 
capture by the photosystems to reduction of NADP+ then fed to the Calvin Cycle or 
the hydrogenase.  

 
There are several biological explanations for the existence of bidirectional 

hydrogenase enzymes, as presented in the review by Tamagnini et al. (76).  Appel et 
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al. (10) suggested that the hydrogenase functions as an valve to release excess 

electrons in order to avoid backup of the photosynthetic electron transport chain.  

Ananyev et al. (7) recently suggested that bidirectional hydrogenase enzymes could 

function to carry on ATP production under dark conditions since redox cycling of both 

NAD+ and NADP+ directly affect ATP regeneration.   

 

Limitations to H2 production 

Whatever the exact function of the hydrogenase, cells are naturally evolved to 

not waste energy unnecessarily.  There are therefore some hurdles to overcome in 

maximizing biological H2 production.  For example, the bidirectional [NiFe] 

hydrogenase in Synechocystis sp. PCC 6803, as with other hydrogenases from 

photosynthetic H2 producers, is oxygen intolerant, and therefore systems designed for 

maximal H2 production have to take this into account, either by genetic modification 

of the hydrogenase enzyme or by taking advantage of dark anaerobic conditions 

through fermentation of stored carbohydrates (indirect H2 production) and the dark-to-

light transition in which a burst of H2 production is observed before the oxygen levels 

have risen enough to inhibit the hydrogenase (direct H2 production) (24).   

Another factor limiting H2 production, in anaerobic conditions, is that cells are 

naturally evolved to use the reducing power acquired during photosynthesis to fuel the 

Calvin Cycle to fix carbon, rather than release this energy.  This central carbon 

metabolism of cyanobacteria naturally has direct effects on H2 production.  

Synechocystis sp. PCC 6803 has active and passive uptake mechanisms for CO2, and 
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also direct uptake mechanisms for HCO3
-.  CO2 and HCO3

- are interconverted 

intracellularly and both CO2 and HCO3
- levels have been examined for their impact on 

H2 production (7, 8, 42).  Kosourov et al. (42) found that bubbling with 2% CO2 is 

required to obtain the highest yield of H2 in Chlamydomonas reinhardtii. The basis for 

this effect is that inactivation of PSII by S-deprived cells is aided by the presence of 

CO2. A study by Ananyev et al. (7) showed that Arthrospira maxima cells exposed to 

HCO3
- levels up to 275 mM caused 2.5 times higher H2 over 24 hours.  Kosourov et 

al. (42) found that acetate also causes more rapid inactivation of PSII and thus more 

H2 production, which is also consistent with the findings of Antal and Lindblad (8). In 

the experiments presented in this dissertation, we focused on autotrophic growth 

because CO2 is a more universally available C source and can support H2 production 

(78). 

Another practical limitation is that applications of solar energy capture will 

occur under elevated temperatures and thus, to avoid using energy to introduce cooling 

systems, a thermotolerant cyanobacteria species may be desirable (28).   

 

The path to making biosolar H2 production commercially viable 

 Many strategies must be employed to find the best set of conditions and 

organisms in order to come as close to the theoretical maximum H2 production as 

possible.  These strategies can be categorized into two highly interconnected groups: 

1) changing the organism from within through genetic modification or inhibition of 

several key enzymes and 2) changing the organism from without through optimization 

of the environmental conditions including conditions such as bioreactor design, 
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presence of other symbiotic species, and immobilization of the bacteria in materials 

conducive to H2 production (26), in addition to nutrient concentrations, pH, 

temperature, etc.   

Many paths are currently being pursued in the realm of genetic modification.  

These include mutating the hydrogenase enzyme to increase its oxygen tolerance, 

inserting an oxygen tolerant hydrogenase from another species, mutating the 

hydrogenase for overall increased H2 production (49, 66), knocking out pathways in 

the electron transport chain including the NAD(P)H dehydrogenase I (54) to channel 

more electrons toward the hydrogenase, and engineering the light harvesting antennae 

to utilize available light more efficiently (14).  All of these methods are in their 

infancy, and research on any one of them is apt to lead to large improvements in 

biosolar H2 production.   

 There is also much work being done to change the organism from without by 

altering the environmental conditions to which the cells are exposed.  These studies 

are summarized in the introductions to the chapters that follow.    

 

Dissertation Overview 

In this dissertation I present three papers, each of which makes use of formal 

optimization techniques designed to identify and simultaneously optimize many 

factors affecting H2 production from Synechocystis sp. PCC 6803.  In the first paper, 

nitrogen (N), sulfur (S), and carbon (C) are identified as significant factors influencing 

H2 production, and are simultaneously optimized to take interaction effects into 

account.   
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In the second paper, N and pH are further optimized using two methods: 1) the 

frequently used response surface methodology (RSM) and 2) an advanced 

optimization algorithm from the computer science literature, Q2, which had not 

previously been applied to increase microbial products (50).  In both the first and 

second papers hydrogen is optimized under conditions specific for intracellular 

glycogen accumulation and subsequent utilization by exposing the cells to an extended 

light period in the various media formulations and then transferring them immediately 

to an anaerobic environment.   

In the third paper, glycogen accumulation is combined with enhanced electron 

availability over natural diurnal light/dark cycling, which will be practical for scale-up 

of these systems.  Several inhibitors of the electron transport chains are used and their 

effectiveness is examined under many conditions in standard BG-11 growth media as 

well as in the previously optimized media.   
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Abstract 

 By optimizing concentrations of key nutrients in the media of Synechocystis 

sp. PCC 6803, we achieved 148-fold greater photofermentative hydrogen (H2) 

production than was achieved by analogous, sulfur-deprived cultures, which are well 

known to produce much more H2 than cultures grown on complete media.  This was 

associated with a 44-fold increase in glycogen concentration.  Using response surface 

methodology to determine optimum conditions, we found that, instead of completely 

starving cells of sulfur or another essential nutrient, the highest H2 production 

(0.81±0.36 µmol H2 mg Chl-1 h-1) occurred with 0.52 mM NH4
+, 20.1 µM SO4

2-, and 

46 mM HCO3
-.  H2 profiling experiments provided initial screening of NH4

+, HCO3
-, 

SO4
2-, and PO4

3- concentrations and identified the significant variables in H2 

production to be NH4
+, SO4

2-, and the interactions of both NH4
+ and SO4

2- with HCO3
-.  

Our results indicate that optimized amounts of nitrogen and sulfur in the nutrient 

media are superior to total deprivation of these nutrients for H2 production.   

 

Introduction 

To achieve a global “hydrogen economy,” a cost-effective, renewable method 

for hydrogen (H2) production must be achieved.  Currently, 95% of commercial H2 is 

produced by steam reforming of natural gas (2), which is energy intensive, produces 

CO2, and depends on a nonrenewable energy carrier.  As an alternative, many species 

of cyanobacteria and green algae can use solar energy to split water and produce H2 

naturally at ambient temperatures.  However, H2 production by these organisms is 
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known to occur only under certain conditions and often for only brief periods of time.  

Therefore, research is underway to increase their H2 producing performance.  

Optimizing the conditions for biosolar H2 production may not only increase the yield 

of H2, but also shed light on cellular biochemistry, perhaps yielding further 

improvements in biosolar H2 production.   

Synechocystis sp. PCC 6803 is a useful model species for biosolar H2 

production research and for H2 production. Its genome is relatively small, it has been 

fully sequenced, and all of its open reading frames (ORFs) have been annotated (37, 

52).  It contains the full complement of photosynthetic components, including 

photosystems I and II (PSI and PSII), and a reversible [Ni-Fe] hydrogenase (H2ase). 

Synechocystis sp. PCC 6803 also grows comparatively rapidly and has been used as a 

model system for studies of photosynthesis for decades. It is naturally competent for 

DNA transformation and can take up naked DNA as plasmids or as linear DNA for 

homologous recombination (40).  Under N limitation, it is comparable to green algae 

and filamentous cyanobacteria in terms of H2 production rate and stability, and it 

produces 4-6 times more H2 than other species in the presence of methyl viologen, an 

artificial electron donor (67).  Finally, Schmitz et al. (65) found that the Synechocystis 

sp. PCC 6803 H2ase had three times higher specific activity than that of 

Synechococcus sp. PCC 6301.   

 Nitrogen (N), sulfur (S), carbon (C), and phosphorus (P) are required nutrients 

for growth and have been frequently examined for optimizing cellular H2 production 

by various organisms.  Stating that C and N are usually the most important nutrients 

affecting biological H2 production, Chen et al. (21) optimized butyric acid, glutamic 
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acid, and FeCl3 supply to Rhodopseudomonas palustris, a purple nonsulfur autotrophic 

bacteria.  Numerous studies have reported that S deprivation increases H2 production, 

and S-deprived cells are commonly used as a base for further H2 optimization (31, 38, 

42, 47, 73, 78).  Sulfur deprivation promotes glycogen accumulation and also 

reversibly inactivates PSII, thus halting O2 evolution and leading to anaerobic 

conditions.  Antal and Lindblad (8) found that depriving Synechocystis sp. PCC 6803 

cells of S increased their H2 production rate more than four times.  Similarly, Troshina 

et al. (77) found a 4-fold increase in glycogen accumulation, and thus H2 production, 

in nitrate-limited Gloeocapsa alpicola, another non nitrogen-fixing cyanobacterial 

species.  Antal et al. (9) found higher hox transcript levels in Synechocystis sp. PCC 

6803 cells deprived of N.  Jo et al. (36) optimized NH4
+, PO4

3-, and pH in S-deprived 

Chlamydomonas reinhardtii cultures using response surface methodology to maximize 

H2 production.  While several studies have reported the effects of removing or 

depleting nutrients such as S and N, few have examined the H2 production profile over 

a range of nutrient levels.   

 Response surface methodology (RSM) is a standard, well established 

mathematical optimization procedure (51), that has been used to optimize H2 

production in systems ranging from bacterial-rich sewage sludge (39, 53) to anaerobic 

mixed microflora (79) to algae and cyanobacteria as stated previously.  This sequential 

process is designed to identify the optimum values of continuous variables to 

maximize or minimize a given response by sampling a minimum number of discrete 

points.  RSM consists of initial screening experiments to determine the relevant 

factors, followed by design of experiments to determine the optimal points to sample 



 
 

14 

within the design space.  After the experiment is conducted, the data are fitted with a 

second-order polynomial and the stationary points (maximum, minimum, or saddle 

point) are identified.  In the present work, we examined fermentative H2 production by 

Synechocystis sp. PCC 6803 by conducting initial screening experiments on NH4
+, 

HCO3
-, SO4

2-, and PO4
3-, and then optimizing concentrations of the significant 

nutrients by RSM.  This is the first report of attempts to use RSM to increase H2 

production in Synechocystis sp. PCC 6803.  

 

Materials and Methods 

Cell Cultivation 

Synechocystis sp. PCC 6803 cells were grown on BG-11 media (5) 

supplemented with 80 mM NaHCO3 and 35 mM HEPES buffer, and the initial pH was 

adjusted to 7.2 with 12.3 M HCl. Cells were inoculated at an OD730 of 0.1 weekly in 

250 mL quantities, and grown on a rotary shaker table under constant illumination of 

approximately 50 µE m-2 s-1 in a 30oC constant temperature room.   

For the experimental procedures, cells were grown in BG-11 media with 35 

mM HEPES buffer at pH = 8.0.  When altering the N, S, P, and C concentrations in 

the experiments, BG-11 media was made without these nutrients by making the 

following substitutions, with equal molarity: MgSO4·7H2O was replaced with 

MgCl2·6H2O, ZnSO4·7H2O was replaced with ZnCl2·2H2O, CuSO4·5H2O was 

replaced with CuCl2, and Co(NO3)2·6H2O was replaced with CoCl2·6H2O.  The 

Na2CO3 was omitted from the media as well.  In order to create media formulations 
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with varying combinations of N, S, P, and C, this media was supplemented with the 

appropriate concentrations of stock solutions of NH4Cl, Na2SO4, K2HPO4, and 

NaHCO3, respectively.  Each stock solution was autoclaved separately.  The N source 

was switched from NO3
- to NH4

+ for the experimental procedure because our initial 

results indicated that more H2 is produced with NH4
+ than with NO3

- as the N source 

(data not shown).  This is consistent with the observation that reduction of NO3
- to 

NH4
+ is an electron sink, providing fewer electrons for the hydrogenase enzyme (32).   

 

Experimental Procedure 

For initial screening experiments, 5x109 cells were pelleted for 6 minutes at 

8000 x g (Beckman centrifuge, model J2-21M, GMI Inc., Ramsey, Minnesota, USA) 

and resuspended in 15 mL of experiment media.  Numbers of cells per mL were 

calculated as OD730*0.25=108 cells mL-1 (45).  The cells were acclimated to the 

designated media formulations for 40 hours in 50 mL flasks on a rotary shaker table 

under approximately 50 µE m-2 s-1 illumination at 30oC.  After 40 hours the OD730 was 

measured to quantify the cell density, the cells from each flask were concentrated to 

4x109 cells mL-1 and 1 mL was put into a 4 mL, screw-top, glass gas chromatograph 

(GC) vial.  The vials were placed in a hypoxic glove bag with a nitrogen atmosphere 

(0.1% O2, Coy Laboratory Products, Grass Lake, Michigan, USA) for 5 hours.  Each 

vial was capped with a PTFE lined septa screw cap, inverted, and put in a dark, 30oC 

incubator.  For response surface experiments, the above procedure was reproduced 

with the following changes: 1x1010 cells were pelleted and re-suspended in 30 mL of 
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media for the 40-hour acclimation phase, and for the experimental phase 2x109 cells 

were re-suspended in 1 mL and put into a GC vial (for the final experiment to compare 

H2 production from cells in the optimized media to S-deprived cells, 6x109 cells were 

re-suspended in 1 mL in order to obtain a clear positive response from the S-deprived 

cultures).  The sealed vials were analyzed for H2 production after 10, 12, and 14 hours.  

We found that 10 hours was the minimum time to be able to measure H2 from all of 

the vials, given the detection limit of the GC.  When we tested our final optimized 

media, we were able to decrease the incubation time.  We measured CO2 accumulation 

in the vials over time as well, but saw low correlation between CO2 respiration and H2 

production (correlation coefficient = 0.378, n = 60).   

 

H2 Production 

H2 concentration in the headspace of the GC vials was measured via 100 µL 

injections of headspace gas into a GC (Series 6890N, Agilent Technologies Inc., Santa 

Clara, CA, USA) equipped with a thermal conductivity detector, using an airtight, 

glass syringe (VICI Valco Instruments Inc., Houston, TX, USA).  The GC column was 

GS-CARBONPLOT 30 m x 0.32 mm x 3.0 mm (Cat. No. 113-3133, Agilent 

Technologies Inc., Santa Clara, CA, USA), the carrier gas was argon, the oven 

temperature was 35oC, and the detector temperature was 150oC.  The column flow rate 

was 1.6 mL min-1.  An H2 standard curve was used to calculate moles of H2 from the 

reported peak areas.  
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Glycogen and Chlorophyll Determination 

 Glycogen concentration was determined using the method of Ernst et al. (29) 

with the following changes: the initial concentration of cells was 600 µg Chl mL-1, and 

glycogen was digested to glucose with 10 units of amyloglucosidase and 20 units of 

amylase (10115 and 10069 respectively, Sigma, St. Louis, MO, USA).  Glucose 

concentration was then measured with a glucose hexokinase assay kit (GAHK-20, 

Sigma, St. Louis, MO, USA).  We determined chlorophyll concentration using 

methanol extraction and subsequent spectrophotometric measurements at 665 nm 

wavelength (59). 

 

Initial Screening Experiments 

A 2-level, full factorial design was chosen because only four factors were 

included in the initial screening.  Full factorial designs, unlike many initial screening 

designs, allow for investigation of interaction effects.  A 2-level, four-factor full 

factorial design includes 16 conditions (Table 2.1).  The nutrient ranges examined for 

NH4
+, HCO3

-, SO4
2-, and PO4

3- were 1-18 mM, 0-120 mM, 0-50 µM, and 9-350 µM, 

respectively.  Regular BG-11 media has 18 mM, 0 mM, 325 µM, and 175 µM of 

NH4
+, HCO3

-, SO4
2-, and PO4

3-, respectively.  We had observed previously that lower 

N and S yielded more H2 (data not shown) and that higher concentrations did not, 

which was consistent with literature, so we did not explore higher values in this initial 

screening experiment.  We also observed in screening assay application, which uses a 

5-day incubation (66), that carbon limited cells did not produce as much hydrogen.  
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Also, growth curves we conducted showed that HCO3
- concentrations up to 120 mM 

increased cell growth rate.  To determine significance, a regression was fit, including 

linear interaction terms, and p-values were calculated for each term (Table 2.2).  We 

used the software program JMP (JMP Statistical Discovery 6.0.0 from SAS, Cary, 

North Carolina, USA) to design and analyze the experiments. 

 
 
Table 2.1.  Results of the full factorial initial screening experiments.  Response values 
represent means of two independent experiments.  Values in parentheses represent one 
standard deviation.  As the triplicates were taken from the same flask, they were used 
solely to capture the variability of the H2 measurements, and they were not used as 
individual replicates in the statistical procedures.   
               

Media # NH4
+ (mM) SO4

2- (µM) PO4
3- (µM) HCO3

- (mM)

1 1 1 9 0 132 ( 14 ) 136 ( 16 )
2 18 1 9 0 160 ( 20 ) 169 ( 37 )
3 1 50 9 0 11 ( 1 ) 80 ( 100 )
4 18 50 9 0 17 ( 6 ) 14 ( 1 )
5 1 1 350 0 183 ( 42 ) 225 ( 34 )
6 18 1 350 0 158 ( 88 ) 195 ( 131 )
7 1 50 350 0 69 ( 43 ) 129 ( 121 )
8 18 50 350 0 12 ( 12 ) 18 ( 8 )
9 1 1 9 120 178 ( 15 ) 288 ( 70 )
10 18 1 9 120 113 ( 65 ) 162 ( 147 )
11 1 50 9 120 123 ( 24 ) 186 ( 19 )
12 18 50 9 120 5 ( 7 ) 4 ( 2 )
13 1 1 350 120 186 ( 8 ) 279 ( 74 )
14 18 1 350 120 70 ( 6 ) 97 ( 56 )
15 1 50 350 120 111 ( 26 ) 235 ( 31 )
16 18 50 350 120 4 ( 2 ) 8 ( 6 )

14 hours 114 hours

H2 accumulation in headspace (µM)
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Table 2.2.  Coded parameter estimates and p-values for full factorial initial screening 
experiment regressions.  * represents significance of 95% or greater.   

Factor Parameter estimate p-value Parameter estimate p-value

intercept 95.82 <0.0001* 139.14 <0.0001*
N -28.42 <0.0001* -55.69 <0.0001*
S -52.80 <0.0001* -54.93 <0.0001*
P 3.33 0.5459 9.06 0.4339
C 2.98 0.5887 18.35 0.1208

N*S -6.17 0.2682 -17.64 0.1351
N*P -9.72 0.0878 -12.88 0.2692
S*P 1.75 0.7503 4.02 0.7267
N*C -22.45 0.0005* -33.82 0.0072*
S*C 13.65 0.0201* 5.70 0.6208
P*C -9.52 0.0942 -11.82 0.3095

114 hours14 hours

 

 

Optimization Procedure 

 Given the full factorial results from the initial screening experiments, we 

designed experiments to identify the optimum NH4
+, HCO3

-, and SO4
2- concentrations 

in the media.  We used a rotatable (axial distance, α = 1.682), inscribed central 

composite design (CCD) with five levels of each variable and six center points.  CCD 

is the most common experimental design for fitting response surfaces.  It consists of a 

full factorial design with center points, corner points of coded distance ±1, and axial 

points of a given distance.  To achieve rotatability, which means that the variance has 

the same value on concentric spheres, adding stability to the variance, the axial points 

have to be of coded distance 1.682 from the center (51).  We performed several 

experiments to identify the region containing the optimum before arranging the central 

composite design.  These experiments consisted of two sequential CCD’s decreasing 

in range from the range of the initial screening design, followed by ridge analysis of 
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the resulting saddle point solution.  The maximum predicted by ridge analysis yielded 

values of 1.2 mM NH4
+, 19.4 µM SO4

2-, and 65 mM HCO3
-, and thus we chose the 

range of the final CCD reported herein to be in the region of these values.  We used 

the software program JMP Statistical Discovery 6.0.0 from SAS (Cary, North 

Carolina, USA) to fit the standard second-order equation: 
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where k is the number of variables (k = 3, NH4
+, HCO3

-, and SO4
2-, in this study), and 

β0, β j, β jj, and β ij are the intercept, linear, quadratic, and interaction coefficients 

respectively.   

The matrix form of the equation is useful for analyzing the shape of the 

response surface (see results section): 

 

                         ŷ = b0 + x′b + x′Bx                                           (2) 

 

where b0, b and B are estimates of intercept, linear, and second-order coefficients 

respectively and:  
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To solve for the stationary point, the equation is differentiated and set to zero.   

Saddle points were analyzed with ridge analysis, in which the response surface 

is predicted on a series of concentric spheres of radius 0 to 1 (coded), and the optimum 

is reported.  Ridge analysis was first formalized by Draper (27).  We used SAS 9.1 

(Cary, North Carolina, USA) to conduct the analyses.   

 

Results and Discussion 

Initial Screening Experiment 

 Results from the full factorial initial screening experiment indicated that NH4
+, 

SO4
2-, and the interactions of each with HCO3

- were significant at a 95% confidence 

level (Tables 2.1 and 2.2).  The R2 of the model fit after 14 hours was 0.877, and after 

114 hours the R2 of the model fit was 0.755.  Although HCO3
- alone did not appear to 

be significant, we included it in the RSM experiments because of its significant 

interaction effects.  While the effect of PO4
3- on H2 production was not found to be 

significant at a 95% confidence level in our experiments, the interactions of PO4
3- with 

NH4
+ and with HCO3

- yielded p-values less than 0.1 in the 14-hour analysis, though 

not in the 114-hour analysis (Table 2.2).  Phosphorus certainly can affect cellular 

metabolism and could be significant under certain circumstances.  Jo et al. (36) 

optimized phosphate concentration in their response surface on H2 production of 

Chlamydomonas reinhardtii, and found it to be significant.  
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 We repeated the initial screening experiment twice to capture the full range of 

variability of the cells.  While we controlled the number of cells and time of exposure 

to media formulations in each experiment, one parameter we did not assess or control 

was metabolic activity of the cultures at the time of harvest.  Activity variations may 

have contributed to the large variability between experiments for some media 

formulations.   

 

Response Surface Methodology and Ridge Analysis 

The solution of the response surface model was a saddle point for the 10 and 

12 hour datasets and a maximum for the 14 hour dataset (Tables 2.3 and 2.4).  All 

three models showed no significant lack of fit (p-value > 0.05).  The nature of the 

four-dimensional response surface can be elucidated in several ways.  By examining 

the eigenvalues of matrix B in equation (2), we can determine the direction and extent 

of the curvature along the principal axes (Table 2.5), with negative eigenvalues 

indicating a maximum and positive eigenvalues indicating a minimum.  The larger the 

absolute value of the eigenvalue, the larger the curvature.  The values below the 

eigenvalues indicate the contribution of each variable to the associated eigenvector.  

The eigenvector associated with the highest positive eigenvalue determines the 

direction of the optimal ridge in ridge analysis.  The optimum of the 14 hour dataset 

can be visualized by viewing three-dimensional slices of the response surface (Figure 

2.1).   
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Figure 2.1.  Plots of the 14 hour response surface with C set to the predicted optimum 
(A), with N set to the predicted optimum (B), and with S set to the predicted optimum 
(C).  The surfaces are shown over the experimental range. 
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Table 2.3.  Response surface data, with ranges of N, S, and C of 0-2 mM, 10-30 µM, 
and 30-70 mM respectively.   

Media # NH4
+ (mM) SO4

2- (µM) HCO3
- (mM) 10 hours 12 hours 14 hours

1 0.0 20.0 50.0 42 54 63
2 0.4 14.1 38.1 70 75 84
3 0.4 14.1 61.9 56 64 74
4 0.4 26.0 38.1 65 78 96
5 0.4 26.0 61.9 71 75 64
6 1.0 10.0 50.0 27 28 39
7 1.0 20.0 30.0 88 98 42
8 1.0 20.0 50.0 61 68 74
9 1.0 20.0 50.0 68 57 72
10 1.0 20.0 50.0 53 87 88
11 1.0 20.0 50.0 86 79 95
12 1.0 20.0 50.0 53 58 72
13 1.0 20.0 50.0 62 82 83
14 1.0 20.0 70.0 64 65 53
15 1.0 30.0 50.0 41 50 62
16 1.6 14.1 38.1 24 26 28
17 1.6 14.1 61.9 7 9 5
18 1.6 26.0 38.1 48 14 63
19 1.6 26.0 61.9 2 97 70
20 2.0 20.0 50.0 11 2 17

H2 accumulation in headspace (µM)

 
 
 
Table 2.4.  Coded parameter estimates and p-values for the fit of the response surface 
model to the data in Table 2.3.  * represents significance of 95% or greater.   

R2

Lack of Fit p-value
solution

Parameter estimate p-value Parameter estimate p-value Parameter estimate p-value
Intercept 63.79 <0.0001* 71.65 <0.0001* 80.29 <0.0001*

N -28.70 0.0007* -28.86 0.0046* -28.01 0.0021*
S 6.39 0.3053 15.63 0.0776 17.48 0.0277*
C -13.77 0.0423* -0.49 0.9518 -4.85 0.4917

N*S 3.28 0.8057 21.38 0.2489 34.76 0.0421*
N*C -19.41 0.1665 27.89 0.1413 9.02 0.5592
S*C -3.42 0.7981 38.13 0.0539 2.90 0.8500
N*N -38.04 0.0028* -40.15 0.0115* -30.84 0.0197*
S*S -30.50 0.0104* -28.75 0.0516 -20.18 0.0997
C*C 11.14 0.2768 13.38 0.3279 -23.17 0.0638

0.394 0.144 0.082
0.805 0.811

saddle saddle maximum

10 hours 12 hours 14 hours
0.855
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Table 2.5.  Eigenvalues of response surface data, with ranges of N, S, and C of 0-2 
mM, 10-30 µM, and 30-70 mM respectively. 

eigenvalues 13.08 -30.41 -40.06 25.11 -33.94 -46.68 -6.43 -23.7 -44.06
N -0.19 0.12 0.97 0.25 0.40 0.88 0.59 -0.027 0.81
S -0.05 0.99 -0.14 0.37 0.81 -0.47 0.77 -0.26 -0.58
C 0.98 0.07 0.18 0.90 -0.44 -0.57 0.23 0.96 -0.13

10 hours 12 hours 14 hours

 

We performed ridge analysis on the 10 and 12 hour datasets to determine the 

points predicted to be the maxima within the experimental range, and compared those 

points to the calculated optima of the 14 hour dataset (Table 2.6).  We performed vial 

tests as described above to test H2 produced using the media formulation predicted to 

be the optimum with the 14 hour dataset and compared it to H2 produced using the 

media formulation predicted to be the optimum with the mean of the 10, 12, and 14 

hour datasets combined.  The optimum predicted with the 14 hour dataset alone 

produced over four times more H2 than the mean.  This is not surprising, since the 

maximum reported by ridge analysis is not an optimum, but rather the highest value at 

the edge of the ridge analysis design space along the optimum ridge.   

 
Table 2.6.  Media formulations predicted to yield optimum H2 production.  The 10 and 
12 hour datasets were predicted with ridge analysis, since the model fit was a saddle 
point rather than a maximum, as with the 14 hour dataset. 

NH4
+ (mM) SO4

2- (µM) HCO3
- (mM)

10 hours 0.918 20.99 30.17
12 hours 0.561 17.56 32.70
14 hours 0.520 20.06 46.05

Predicted Optimum

 

 

The optimum of the 14 hour dataset occurred at 0.52 mM NH4
+, 20.1 µM SO4

2-

, and 46 mM HCO3
-.  We compared six flasks of this optimized media to six of S-

deprived media, in which we measured chlorophyll content as well as H2 production at 
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4.5 and 14 hours.  H2 production was 71 times higher for the optimized media after 4.5 

hours and 148 times higher after 14 hours (Table 2.7).  The absolute value for H2 

production by cells in optimized media was 132±45.7 µM H2 accumulation in the 

headspace after 4.5 hours and 328±55.1 µM H2 accumulation in the headspace after 14 

hours, which indicates a slight decrease in H2 production rate over time.  This could be 

due to product inhibition as H2 built up in the headspace of the vial, and/or 

consumption of H2 by the H2ase enzyme, which favors uptake.  The predicted 

response at the optimum was 87.5 µM.  The value of 328±55.1 µM, above, was 

obtained using three times the number of cells, which suggests that the response is in 

the correct range of the predicted optimum.  The H2 production rate was 0.81±0.36 

µmol H2 mg Chl-1 h-1 after 4.5 hours.  For comparison, Cournac et al. (24) obtained 

0.1 µmol H2 mg Chl-1 h-1 for autotrophic, dark H2 production from Synechocystis sp. 

PCC 6803, as measured with a membrane inlet mass spectrometer (MIMS).  The 

MIMS uses a vacuum to pull dissolved gases directly from the aqueous sample, so 

may provide larger estimates than our method that requires H2 to accumulate in the 

headspace, which has the potential for enzyme inhibition or H2 uptake.  Our result that 

low NH4
+ is optimal for H2 production is not consistent with the optimization study 

conducted by Jo et al. (36) that found that in S-deprived Chlamydomonas reinhardtii 

higher NH4
+ levels (9.2 mM vs. 7.48 mM in complete media) were optimal.  This 

difference could be due to differences in the species (algae vs. cyanobacteria), or due 

to the interaction effects of N and S.   
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Table 2.7.  Comparison of H2 production rate from cells acclimated for 40 hours to our 
optimized media to cells acclimated to S-deprived media.  Values in parentheses 
represent one standard deviation (n=6).   

Incubation (h) H2 accumulation in headspace (µM)

Optimized 4.5 132 (45.7)
S-deprived 4.5 1.8 (1.7)
Optimized 14 328 (55.1)
S-deprived 14 2.2 (2.1)  

Several media formulations in the central composite design (Table 2.3) did not 

produce significantly different amounts of H2, for example, media formulations 1 and 

15.  This indicates that small differences in nutrient concentration may not 

significantly affect H2 production.  Although the eigenvalues are not near zero (Table 

2.5), which indicates a large range of nutrient concentrations that would result in the 

same H2 production, this result suggests that there is a maximal range, rather than a 

maximal point.  Thus if the goal was to grow cells that would generate H2 over long 

periods of time, the media formulation could be altered to balance growth rate and H2 

production.  Another option for prolonged H2 production under nutrient starved 

conditions is re-addition of the nutrient, such as S (41).   

Each time an iterative experiment was conducted, the cultures used were from 

a different flask, which likely would have been exposed to slightly different 

environmental and metabolic conditions, causing batch to batch variability.  Within 

batch variability was high in this system as well (Replicate medias 8-13, Table 2.3), 

which could be due to slightly different light availability, pH level, or slight 

differences in handling the flasks and GC vials through each step of the 3-day process.   
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Glycogen Accumulation 

It has been observed that nutrient limitation leads to increased glycogen 

production during photoautotrophic growth, which in turn leads to higher fermentative 

H2 production.  We followed the method of Antal and Lindblad (8), and measured 

glycogen and chlorophyll after four days of acclimation to compare cells exposed to 

our optimized media formulation to cells exposed to complete media (Table 2.8).  We 

found a 44-fold increase in glycogen over cells in complete media, which contributed 

to our observed 134-fold increase in H2 production over S-deprived cells, which have 

been found to produce four times more H2 than cells in complete media (8).  There 

was a corresponding 2.6-fold decrease in chlorophyll concentration (Table 2.8).  This 

chlorosis upon N deprivation has been observed in Synechocystis sp. PCC 6803 (45, 

61), while in Synechococcus sp. PCC 7942 both N and S deprivation cause chlorosis 

(22).  In Synechocystis sp. PCC 6803 both NblA1 and NblA2 genes have to be 

expressed for chlorosis to take place under N starvation (12).  Also, high inorganic C 

caused increased chlorosis in N-deprived cultures of Synechococcus elongatus (13).   

 

Table 2.8.  Glycogen and chlorophyll content of cells exposed to BG-11 media vs. our 
optimized media for four days.  Data were obtained following the method of Antal and 
Lindblad (8).  Values in parentheses represent one standard deviation.   

BG-11 0.47 ( 0.035 ) 5.50 ( 0.0662 )
Optimized 20.71 ( 2.330 ) 2.10 ( 0.0718 )

Glycogen (µg OD-1 mL-1) Chlorophyll (µg OD-1 mL-1)
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Metabolic Implications 

Response surface methodology produces a set of observed maximum values 

using statistics, but further optimization may be possible by examining the biological 

basis for the observed maxima.  Several hypotheses have been formed and tested 

regarding the effects of S and N limitations on H2 production.  As previously 

discussed, S deprivation leads to increased glycogen accumulation, which is the 

primary energy source during fermentation (8).  Sulfur is needed for protein 

biosynthesis and N is a component of pyridine dinucleotides, so extended deprivation 

may alter the biological pathways of the cells.  Limited NADP(H) formation could 

decrease electron availability to the H2ase enzyme, causing decreased H2 production.   

Our finding that high concentrations of bicarbonate increase H2 production is 

similar to the finding of Kosourov et al. (42) that bubbling with 2% CO2 is required to 

obtain the highest yield of H2 in Chlamydomonas reinhardtii. The basis for this effect 

is that inactivation of PSII by S-deprived cells is aided by the presence of CO2. 

Kosourov et al. (42) found that acetate also causes more rapid inactivation of PSII and 

thus more H2 production. We found that organic substrates, such as glucose, added to 

complete media greatly increased H2 production as well (data not shown), which is 

also consistent with the findings of Antal and Lindblad (8). In the experiments 

presented in this study, we focused on autotrophic growth because CO2 is a more 

universally available C source and can support H2 production (78).   

The maximum reported in this study is unique to a specific set of conditions 

and, thus, there is ample room for further optimization.  Other factors to examine 

include pH (35, 68, 72), temperature (35), cell concentration (71), chemostat vs. batch 
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growth, light/dark cycling durations, light intensity (71), combinations of species, 

headspace gases, length of time cells are exposed to each media before analysis, 

inoculum age (68).  Antal and Lindblad (8) examined pH and a CH4 gas atmosphere, 

and found that the CH4 atmosphere and pH 5 were optimal.  Solely using response 

surface methodology and hypothesizing about the biological explanations of the 

results is a critical first step to analyzing this complex system.  Future work will focus 

on addressing the hypotheses coming out of this work using metabolic pathway 

mapping techniques, such as metabolic flux analysis, and other analytical and 

modeling approaches.   

 

Conclusion 

While it is well established in both cyanobacteria and algae that S or N 

deprivation leads to increased H2 production, no studies have examined the details of 

this effect under various gradients of S and N.  This study has demonstrated that small 

amounts of nutrients, rather than total deprivation, can result in much higher yields of 

H2.  Because cultures are able to survive longer with higher nutrient availability, this 

finding is very encouraging for the goal of prolonged H2 production.  Our results 

imply that small variations in nutrient concentrations may not necessarily yield 

significantly different H2 production, so there could be room to adjust nutrient 

concentrations to obtain a desired growth rate, while simultaneously achieving high H2 

production rates.  More work needs to be done to examine both H2 production and 

growth over extended periods of time to find the best conditions for each specific 

application. 
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Abstract 

 The nitrogen (N) concentration and pH of culture media were optimized for 

increased photofermentative hydrogen (H2) production from the cyanobacterium, 

Synechocystis sp. PCC 6803.  The optimization was conducted using two procedures, 

Response Surface Methodology (RSM), which is commonly used, and a memory-

based machine learning algorithm, Q2, which has not been used previously in 

biotechnology applications.  Both RSM and Q2 were successful in predicting optimum 

conditions that yielded higher H2 than the media reported by Burrows et al. (19) 

optimized for N, S, and C (called EHB-1 media hereafter), which itself yielded almost 

600 times more H2 than Synechocystis sp. PCC 6803 grown on standard BG-11 media.  

RSM predicted an optimum N concentration of 0.63 mM and pH of 7.77, which 

yielded 1.70 times more H2 than EHB-1 media when normalized to chlorophyll 

concentration (0.68±0.43 µmol H2 mg Chl-1 h-1) and 1.35 times more when normalized 

to optical density (1.62±0.09 nmol H2 OD730
-1 h-1).  Q2 predicted an optimum of 0.36 

mM N and pH of 7.88, which yielded 1.94 and 1.27 times more H2 than EHB-1 media 

when normalized to chlorophyll concentration (0.77±0.44 µmol H2 mg Chl-1 h-1) and 

optical density (1.53±0.07 nmol H2 OD730
-1 h-1) respectively.  Both optimization 

methods have unique benefits and drawbacks that are identified and discussed in this 

study.   
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Introduction 

Hydrogen gas (H2) has enormous potential as the energy carrier of the future, 

primarily for use in fuel cells, which can achieve efficiencies over 80% (1).  Although 

hydrogen is the most abundant element on Earth, it is bound in a variety of molecules, 

and energy is required to break the bonds and produce H2.  Cyanobacteria, such as 

Synechocystis sp. PCC 6803, are able to use the Sun’s energy to split water and 

produce H2 naturally, safely, and renewably.   

Various combinations of environmental conditions and nutrient levels can 

bring about higher cyanobacterial H2 production, and it is important to identify 

optimum conditions in order to help biosolar H2 become commercially viable.  In 

particular, one method to achieve high amounts of H2 is to alter the available nutrients 

and to expose the cultures to extended periods of sunlight, causing excess glycogen to 

accumulate intracellularly.  When the cells subsequently experience dark conditions, 

during which they break down and oxidize the glycogen, and drive the system 

anaerobic, they produce H2 fermentatively.  A natural diurnal cycle is conducive, 

therefore, to this method of H2 production, on condition that the nutrient combination 

provided to the cultures is not lethal over time.  Many studies on fermentative H2 

production by cyanobacteria and algae have examined total nutrient deprivation, 

usually of sulfur (S) or nitrogen (N) individually (9, 17, 31, 38, 42, 47, 73, 78).  

However, such an approach is not sustainable in the long term.   

A previous study by our group demonstrated that S, N, and carbon (C) 

concentrations can be optimized for H2 production by Synechocystis sp. PCC 6803, 

and that low concentrations of N and S were much better than total deprivation of 
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these nutrients(19).  Optimizing several factors simultaneously ensures that interaction 

effects among factors are taken into account.  Ideally all factors affecting H2 

production should be optimized at the same time to include all possible interaction 

effects, but this is not practical.  In this study we chose to optimize pH and also to re-

examine nitrogen, under optimal S and C concentrations, in order to determine the 

interactions of pH with N, S, and C.  We chose to re-examine N because it was the 

factor that showed the greatest effect on H2 production (19).  We also found it to be 

significant in the initial screening experiments in this study.  This study was unique in 

using pH and tools specific for optimization of simultaneous factors to optimize H2 

production by Synechocystis sp. PCC 6803.   

RSM (51) is the predominant optimization technique used in biotechnological 

applications.  The procedure consists of initial screening experiments to determine the 

relevant factors, followed by steepest ascent methodology to determine the region 

containing the optimum, and then design of experiments to determine the optimal 

points to sample within the design space.  After the final experiment is conducted, the 

data are fit with a second order polynomial, and the stationary points (maximum, 

minimum, or saddle point) are identified.  Q2 is an advanced optimization algorithm 

from the machine learning literature, which has not previously been applied to 

increase microbial products (50).  It is a memory-based, active learning algorithm 

designed for continuous data with inherent variability.  We compare the results of 

RSM to the results of Q2 and discuss benefits and drawbacks of each method.   
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Materials and Methods 

Cell Cultivation 

Synechocystis sp. PCC 6803 cultures were grown on BG-11 media 

supplemented with 35 mM HEPES and 80 mM sodium bicarbonate.  To account for 

the pH increase caused by the sodium bicarbonate, 26.6 mM HCl was also added prior 

to autoclaving to achieve a final pH of 7.2. Cells were inoculated to an OD730 of 0.2 

every two days in 250 mL quantities, and grown under constant illumination of 

approximately 90 µE m-2 s-1 at 30oC.  For the RSM and Q2 experiments, the levels of 

N and initial pH were applied to media with optimized concentrations of Na2SO4 (20.1 

mM) and NaHCO3 (46.1 mM) as described by Burrows et al. (19). 

 

Acclimation and Experimental Phases 

For the Plackett-Burman experiments, 3.33x1010 cells were pelleted and 

resuspended in 30 mL of experimental media.  The number of cells was calculated 

from OD730 based on the linear relationship determined in our lab using a 

hemacytometer (Cells mL-1 = 1.33x109(OD730)+1.42 x107 for OD730 under 1.0, R2 = 

0.991; Cells mL-1 = 9.52 x108(OD730)+5.82 x107 if cells are diluted to OD730 0.1 or 

less and recalculated, R2 = 0.987).  The cells were incubated in the designated media 

combinations and conditions for 40 hours, on a shaker table under 90 µE m-2 s-1 

illumination in a 30oC constant temperature room.  Rather than 12 hours, which would 

more closely simulate diurnal conditions, we chose 40 hours in order to accumulate 

more glycogen and increase the sensitivity of the assay.  6.67x109 cells from each 
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flask were then pelletted, resuspended in 1 mL of the respective media, and transferred 

to a 4 mL glass screw top GC vial.  Each vial was capped with a PTFE lined septa 

screw cap, bubbled with ultra high purity N2 gas for 5 min. (the length of a GC run), 

inverted, and put in a dark, 30oC incubator.  The incubation time in the GC vials was 

shortened from several days in the initial screening experiments to 3 hours in 

subsequent experiments because these experiments were performed closer to the 

optimum, yielding higher H2 concentrations more quickly.  Also, for all experiments 

after the initial screening experiments, 2x1010 cells were resuspended in the 30 mL of 

experimental media, and 1.33x1010 cells were resuspended in the 1 mL of media in the 

GC vials.   

 

H2 Measurements 

A gas chromatograph (Series 6890N, Agilent Technologies Inc., Santa Clara, 

CA, USA) equipped with a thermal conductivity detector, was used to detect H2 build 

up in the headspace of the GC vials using a glass gas-tight syringe (VICI Valco 

Instruments Inc., Houston, TX, USA).  “H2 build up” is defined as the amount of H2 

accumulated in the headspace over time, and was measured by direct GC sampling of 

the headspace.  No calculations were conducted to estimate H2 uptake or loss from the 

vial, so “H2 build up” represents H2 production minus H2 uptake and loss from the 

vial.  The GC column was GS-CARBONPLOT 30 m x 0.32 mm x 3.0 mm (Cat. No. 

113-3133, Agilent Technologies Inc., Santa Clara, CA, USA), the carrier gas was 

argon, the oven temperature was 35oC, the detector temperature was 150oC, and the 
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column flow rate was 1.6 mL min-1.  A standard curve was produced to convert peak 

areas to moles (peak area*25.34 = µM H2).   

 

Initial Screening: Plackett-Burman Design 

 Plackett-Burman design allows examination of the main effects of chosen 

factors with as little as n+1 conditions, where n is the number of factors (58).  The 

number of conditions is required to be a multiple of four, so we explored eight factors, 

using twelve conditions.  We looked at N as NH4
+, S, C, and P, initial pH, cell age, 

acclimation phase light level, and incubation phase light/dark cycling.  Plackett-

Burman design is a 2-level design (see Table 3.1 for the levels chosen).  For 

incubation phase light/dark cycling, 10% light was achieved using a timer that was on 

for 6 minutes and off for 54 minutes every hour.  The 0% light was achieved by 

covering the vials and incubating them in the same light/dark cycling incubator, in 

order to ensure that other factors, such as temperature were consistent among vials.   

 
Table 3.1.  Eight factor Plackett-Burman design set up and results. 
a. Cell age levels 1 and 51 days 

Media # NH4
+ (mM) SO4

2- (µM) PO4
3+ (µM) HCO3

- (mM) pH Cell age (d) Light (µE m-2 s-1) Light %

1 1 1 9 120 6 1 150 0 0.00 ( 0.00 ) 0.00 ( 0.00 ) 12.73 ( 3.24 )a

2 1 1 350 1 6 51 50 10 0.00 ( 0.00 ) 0.00 ( 0.00 ) 2.53 ( 4.38 )
3 1 1 350 1 9.5 51 150 0 29.94 ( 19.92 ) 51.44 ( 21.06 ) 52.64 ( 12.24 )
4 1 50 9 1 9.5 1 150 10 0.00 ( 0.00 ) 10.44 ( 1.71 ) 14.52 ( 4.80 )
5 1 50 9 120 9.5 51 50 0 112.17 ( 32.10 ) 153.44 ( 12.12 ) 133.88 ( 20.76 )
6 1 50 350 120 6 1 50 10 0.00 ( 0.00 ) 0.00 ( 0.00 ) 7.56 ( 1.41 )
7 18 1 9 1 9.5 1 50 10 16.39 ( 1.52 ) 18.16 ( 1.38 ) 24.16 ( 2.30 )
8 18 1 9 120 6 51 150 10 0.00 ( 0.00 ) 0.00 ( 0.00 ) 8.15 ( 1.29 )
9 18 1 350 120 9.5 1 50 0 0.00 ( 0.00 ) 0.00 ( 0.00 ) 0.00 ( 0.00 )

10 18 50 9 1 6 51 50 0 0.00 ( 0.00 ) 0.00 ( 0.00 ) 9.21 ( 2.89 )
11 18 50 350 1 6 1 150 0 0.00 ( 0.00 ) 8.85 ( 0.92 ) 13.08 ( 1.13 )
12 18 50 350 120 9.5 51 150 10 0.00 ( 0.00 ) 0.00 ( 0.00 ) 0.00 ( 0.54 )

1 day

Hydrogen accumulation in headspace (µM)

3 days 5 days

 
 
b. Cell age levels 1 and 11 days 
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Media # NH4
+ (mM) SO4

2- (µM) PO4
3+ (µM) HCO3

- (mM) pH cell age (d) Light (µE m-2 s-1) light %

1 1 1 9 120 6 1 150 0 8.42 ( 1.90 ) 7.29 ( 0.39 ) 7.95 ( 0.19 )
2 1 1 350 1 6 11 50 10 9.69 ( 1.20 ) 14.38 ( 1.67 ) 0.00 ( 0.00 )
3 1 1 350 1 9.5 11 150 0 16.78 ( 0.39 ) 44.22 ( 8.96 ) 28.80 ( 16.71 )
4 1 50 9 1 9.5 1 150 10 8.42 ( 1.18 ) 7.25 ( 3.02 ) 7.75 ( 3.42 )
5 1 50 9 120 9.5 11 50 0 24.03 ( 5.65 ) 26.35 ( 2.21 ) 24.62 ( 1.78 )
6 1 50 350 120 6 1 50 10 0.00 ( 0.00 ) 2.42 ( 1.37 ) 3.61 ( 0.33 )
7 18 1 9 1 9.5 1 50 10 3.85 ( 1.93 ) 10.84 ( 0.39 ) 10.18 ( 0.78 )
8 18 1 9 120 6 11 150 10 0.48 ( 0.84 ) 2.27 ( 0.55 ) 8.71 ( 0.65 )
9 18 1 350 120 9.5 1 50 0 0.00 ( 0.00 ) 0.00 ( 0.00 ) 0.00 ( 0.00 )

10 18 50 9 1 6 11 50 0 11.34 ( 0.74 ) 17.14 ( 1.00 ) 17.12 ( 3.17 )
11 18 50 350 1 6 1 150 0 9.19 ( 2.09 ) 14.07 ( 2.68 ) 0.00 ( 0.00 )
12 18 50 350 120 9.5 11 150 10 0.00 ( 0.00 ) 0.00 ( 0.00 ) 0.00 ( 0.00 )

Hydrogen accumulation in headspace (µM)

1 day 5 days 11 days

 
a  Values in parentheses represent one standard deviation, n = 3 

 

Response Surface Methodology 

 Given the results of the initial screening Plackett-Burman design, we decided 

to optimize NH4
+ and initial pH in the media.  Although a path of steepest ascent could 

be determined from the fit of the Plackett-Burman design, we set up an additional full 

factorial design, with solely N and pH, in order to achieve a more accurate path of 

steepest ascent.  We used a 2-level full factorial design with four center points to test 

for curvature (step 1) and then sampled four points along the path, using a coded step 

size of 1 for NH4
+ (step 2).  Although replicates are not needed to determine or sample 

along the path of steepest ascent, previous experience with the variability of the 

system (as evidenced by points N = 0.42 mM and pH = 8.5, and N = 0.72 mM and pH 

= 7.32 in Table 3.3) proved that triplicates were necessary.  The central composite 

design (CCD) is statistically laid out to provide the most information with the least 

number of experiments, capturing variability with replication of the center point, so 

we did not perform replicates on the other points.  We used a uniform-precision, 

rotatable (axial distance, α = 1.414), CCD with five center points to determine the 

optimum (step 3).  We used the software programs JMP Statistical Discovery 6.0.0 
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from SAS and SAS 9.1 (Cary, North Carolina, USA) to design the experiments and to 

analyze the results.   

 

Q2 Algorithm 

 One of the drawbacks of RSM is the amount of human intervention and 

domain expertise needed in order to perform the optimization. In contrast, Q2 is an 

autonomous algorithm from the field of machine learning designed to find an optimum 

when presented with continuous, naturally variable experimental data. Q2 is an 

interactive algorithm; besides performing the optimization, it also suggests the next 

best experiment to perform in order to improve the prediction of the optimum.   

We now provide an overview of the Q2 algorithm. Readers interested in the 

details of the algorithm are referred to the original paper (50). Q2 consists of two main 

iterative steps: a) the algorithm determines a convex region of interest (ROI) that is 

expected to contain the optimum and b) it suggests an informative experiment to 

perform within the ROI.  Along with the next experiment to perform, Q2 also reports 

the location of the predicted optimum.   

In step (a), Q2 generates a series of candidate ROIs by starting with the 

original space defined by the data points as the initial ROI and progressively creating 

candidate ROIs by pruning this space to narrow down the expected location of the 

optimum point.  The algorithm begins by fitting a multivariate quadratic function to 

the data using Bayesian regression.  Then, the data point with the worst predicted 

value according to this quadratic function is determined. Q2 also computes the cutting 
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plane that is perpendicular to the gradient at this point. Since this point represents a 

highly unlikely location for the optimum, Q2 excludes this point by pruning away the 

area of the current ROI that is on the side of the cutting plane that points in the 

opposite direction of the gradient. Each pruning step generates an additional candidate 

ROI which is added to a list of candidate ROIs.  A new quadratic is then calculated 

with the remaining points, and the ROI is pruned again (Figure 3.1).  The pruning 

process is repeated until there are no longer enough points to adequately fit a quadratic 

function. Each iteration results in fewer data points in each candidate ROI and hence 

the bias of the ROI decreases while the variance increases. The final ROI is chosen by 

finding the candidate ROI with the best bias/variance tradeoff. Intuitively, this entails 

finding “the smallest ROI for which Bayesian regression analysis is confident about 

the location of the optimum, and for which the optimum is, with high probability, 

inside the ROI” (50). 
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Figure 3.1.  Example of Q2 algorithm pruning procedure.  The black circles 
correspond to the worst predicted point at each iteration of Q2. A black line is drawn 
through each circle to show the area of the ROI that is pruned. This black line is 
perpendicular to the gradient at the black circle. Data are hypothetical, randomly 
generated values. 
 

 In step (b), the next experiment to perform is selected using one of a variety of 

heuristics. We choose the next experiment by finding the point that is furthest from all 

other points in the final ROI chosen in step a because empirically, this strategy has 

been reported to perform the best (50).  Computing the exact furthest point is very 

expensive to do computationally. We use an approximation that generates 50 random 

points within the ROI and picks the one that is the furthest from within that group.  
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This “furthest” point heuristic adds diversity to the sample of data, which should 

improve our understanding of the shape of the surface in the ROI.   

After the additional points are added, the algorithm returns to the beginning 

and repeats steps (a) and (b).  Q2 is a memory-based algorithm meaning that when 

subsequent data are received, all previously collected data are used to determine the 

next ROI.   

We implemented Q2 using Matlab (The Mathworks, Inc., Natick, MA, USA), 

and the code is available free of charge, with user-friendly instructions 

(http://www.eecs.oregonstate.edu/~wong/software/q2.html).  To ensure that the 

algorithm was qualitatively comparable to RSM, we set the number of points to 

sample in step (b) equal to the number of points sampled in RSM.  We achieved this 

by performing the furthest point heuristic multiple times.  The available Q2 code 

allows the user to specify the number of next experiments for Q2 to suggest.   

 

Response Analysis 

 To determine how variation in sampling would affect the predicted optimum, 

we analyzed the effect of variability in each of the points in the step 3 (see Table 3.3) 

of each optimization method.  We began by calculating the coefficient of variation of 

the five center points of the CCD, to obtain an estimate for the variability of the 

system.  We then used the coefficient of variation to iteratively increase and decrease 

the value of the response (µM H2) by the given percent, and then recalculated the final 

step in order to determine the effect on the predicted optimum. 
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Results 

Initial Screening: Plackett-Burman Design 

 Of the initial screening Plackett-Burman experiments conducted, factors that 

were significant in model fits for both experiments were N, pH, cell age, and light % 

(Tables 3.1 and 3.2).  The parameter estimates were negative for N and light %, and 

positive for pH and cell age, indicating that lower N and light % and higher pH and 

cell age were optimal for H2 production (Table 3.2).  This was seen in the data, since 

the combinations that showed the highest H2 production in both experiments were 

rows 3 and 5, which had low N and light % and high pH and cell age (Table 3.1).   

 

Table 3.2.  Coded parameter estimates and p-values for the fit of the Plackett-Burman 
design with the data in Table 3.1.  

R2

Parameter estimate p-value Parameter estimate p-value Parameter estimate p-value
Intercept 23.07 <0.0001* 33.01 <0.0001* 25.65 <0.0001*

N -13.98 0.0013* -4.80 <0.0001* -3.06 0.0163*
S 6.54 0.1044 -0.98 0.3480 -0.21 0.8605
P -10.53 0.0117* 0.33 0.7512 -3.66 0.0049*
C 3.71 0.3479 -5.80 <0.0001* -1.58 0.1971
pH 14.46 0.0009* 2.59 0.0178* 2.83 0.0252*

Cell age 11.33 0.0072* 26.04 <0.0001* 20.74 0.0018*
Light -6.39 0.1124 0.33 0.7489 -0.19 0.873

Light % -13.68 0.0016* -5.99 <0.0001* -4.02 0.0023*

0.818

WT (1 and 11 day)
day 11
0.634

WT (1 and 11 day)
day 5day 5

0.694

WT (1 and 51 day)

 
* represent significance of 95% or greater. 

Given the logistics of comparing two optimization methods, it was not 

practical for us to choose more than two variables.  We chose to further optimize N 

and pH because they would have the most relevant application to commercial, 

continuous H2 production designs, such as photobioreactor facilities or biocomposite 
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systems based on Synechocystis sp. PCC 6803 (26).  Plackett-Burman design does not 

give information about interaction effects, so there may not be any interaction between 

cell age or light % and N and pH, and simultaneous optimization is only necessary if 

interactions exist.  Also, cell age and light % may not have an optimum, but exhibit 

saturation behavior instead.  For example, there may be more H2 produced the older 

the culture, in which case, this method of statistical optimization would not work.  In 

the subsequent experiments we used high cell age (48 hours) and 0% light, based on 

the parameter coefficients for cell age and light % (Table 3.2).  The cells continued to 

exhibit exponential growth after 48 hours.   

 

Full factorial design and path of steepest ascent 

The fit of the full factorial design, the first step in RSM, (Table 3.3) had an R2 

of 0.711.  The ANOVA p-value was less than 0.05, which suggests that the fit was 

significant, and although the N parameter was not significant, pH and the interaction 

of N and pH were significant (Table 3.4).  The lack-of-fit p-value was also less than 

0.05, which suggests curvature.  Although we could have added axial points to this full 

factorial design, we decided to test some points along the path of steepest ascent.  We 

used a step size of 0.1 mM for N, corresponding to a step size of -0.34 for pH (these 

steps represent a coded step size of N = 1).  The center point of the full factorial 

design corresponded to the optimum N found and the pH used previously (19).  The 

results of the path of steepest ascent revealed that one step from the center was optimal 
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for H2 production, so the central composite design was set up with that point as the 

center (Figure 3.2, Table 3.3).   

 

Table 3.3.  Results of the sequential four steps of RSM and Q2. 

RSM: Q2:
Step N (mM) pH H2 (µM) N (mM) pH H2 (µM)

1 Full factorial 0.42 7.50 11.12 Four corner 0.00 7.00 26.85
1 (triplicates) 0.42 7.50 7.30 points, defining 0.00 9.00 18.75
1 0.42 7.50 11.94 the ROI 1.00 7.00 27.22
1 0.42 8.50 11.00 1.00 9.00 9.97
1 0.42 8.50 4.31 Eight randomly 0.45 8.51 27.08
1 0.42 8.50 7.48 chosen points 0.21 7.45 25.43
1 0.62 7.50 18.70 0.81 7.90 25.66
1 0.62 7.50 20.35 0.79 8.36 15.55
1 0.62 7.50 15.56 0.52 7.94 40.16
1 0.62 8.50 3.55 0.48 7.35 22.18
1 0.62 8.50 6.68 0.90 7.32 26.03
1 0.62 8.50 2.71 0.51 7.81 44.09
1 Center points 0.52 8.00 16.62 0.44 7.48 26.25
1 0.52 8.00 15.15 0.64 8.99 26.16
1 0.52 8.00 14.48 0.08 8.39 22.64
1 0.52 8.00 12.54 0.33 7.25 16.88
2 Steepest ascent 0.52 8.00 19.71 Eight points 0.13 7.12 12.35
2 path (triplicates) 0.52 8.00 25.84 chosen by Q2 0.94 8.18 7.73
2 0.52 8.00 23.05 0.01 8.06 18.30
2 0.62 7.66 38.01 0.61 7.02 6.13
2 0.62 7.66 45.74 0.04 8.89 20.58
2 0.62 7.66 48.94 0.88 7.79 9.15
2 0.72 7.32 18.95 0.09 7.65 15.55
2 0.72 7.32 14.13 0.76 8.65 13.26
2 0.72 7.32 34.99 0.51 7.40 19.62
2 0.82 6.98 24.01 0.14 8.58 21.09
2 0.82 6.98 24.47 0.58 8.21 10.02
2 0.82 6.98 25.89 0.25 7.86 9.55
2 0.92 6.64 22.64 0.24 8.30 12.01
2 0.92 6.64 23.74 0.33 8.95 12.47
2 0.92 6.64 30.23 1.00 8.73 8.89
3 Central composite 0.48 7.66 15.05 13 points 0.00 8.77 19.12
3 design 0.52 7.32 9.02 chosen by Q2 0.06 7.85 22.80
3 0.52 8.00 22.64 0.71 7.30 13.31
3 0.62 7.18 12.08 0.97 7.72 15.96
3 0.62 7.66 16.19 0.03 8.28 30.87
3 0.62 7.66 19.30 0.47 7.05 21.04
3 0.62 7.66 24.79 0.08 7.48 32.34
3 0.62 7.66 23.33 0.27 8.10 30.69
3 0.62 7.66 23.78 0.32 8.92 16.37
3 0.62 8.14 12.17 0.58 8.26 18.62
3 0.72 7.32 14.09 0.23 8.68 34.95
3 0.72 8.00 21.96 0.97 7.37 18.66
3 0.76 7.66 16.92 0.67 7.59 35.86
4 Optimum 0.63 7.77 13.9 (0.85)a Optimum 0.36 7.88 13.1 (0.56)  

a  Values in parentheses represent one standard deviation, n = 3 
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Table 3.4.  ANOVA, lack-of-fit (LOF), and parameter p-values for the full factorial 
design and the central composite design (CCD).   

Full Factorial CCD
p-value p-value

ANOVA 0.0015* 0.1668
LOF 0.0066* 0.2739

Intercept <0.0001* <0.0001*
N 0.2278 0.5767

pH 0.001* 0.1150
N2 NA 0.2482
pH2 NA 0.0435*

N*pH 0.0109* 0.5200  

 

 

Figure 3.2.  Map of the sequential experiments of RSM and Q2.  44 points were 
sampled for both RSM and Q2.  RSM includes replicates, so some points are 
overlapping completely. 
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Optima predicted by RSM vs. Q2 

 Results from the sequence of experiments completed for each method (Figure 

3.2, Table 3.3) demonstrated that both Q2 and RSM were successful in predicting 

optimum values, and the predicted conditions indeed yielded more H2 than EHB-1 

media, which was itself 148 times higher than H2 production rates by Synechocystis 

sp. PCC 6803 acclimated to S-deprived media.  S-deprived media has been shown to 

yield four times greater H2 than cells exposed to complete media, in a different 

experimental set-up.(8)  RSM predicted an optimum N concentration of 0.63 mM and 

pH of 7.77, which yielded 1.70 times higher H2 when normalized to chlorophyll 

concentration (0.68±0.43 µmol H2 mg Chl-1 h-1) and 1.35 times higher H2 when 

normalized to optical density (1.62±0.09 nmol H2 OD730
-1 h-1) (Table 3.5).  Q2 

predicted an optimum of 0.36 mM N and pH of 7.88, which yielded 1.94 and 1.27 

times higher H2 when normalized to chlorophyll concentration (0.77±0.44 µmol H2 

mg Chl-1 h-1) and optical density (1.53±0.07 nmol H2 OD730
-1 h-1) respectively (Table 

3.5).   

 

Table 3.5.  H2 production of final optimum for RSM and Q2, compared to the H2 
production obtained using EHB-1 media. 

nmol H2 OD730
-1 h-1 µmol H2 mg Chl-1 h-1

EHB-1 media 1.20 (0.04)a 0.40 (0.02)
RSM Optimum 1.62 (0.09) 0.68 (0.43)
Q2 Optimum 1.53 (0.07) 0.77 (0.44)
RSM/Burrows 1.35 1.70
Q2/Burrows 1.27 1.94  

a  Values in parentheses represent one standard deviation, n = 3 
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 The quadratic equation predicted by RSM yielded an optimum (R2 = 0.611), 

and the shape of the optimum is shown in Figure 3.3.   The lack-of-fit p-value was 

greater than 0.05, suggesting no significant lack of fit, although the ANOVA p-value 

was also greater than 0.05, suggesting that the second-order polynomial fit was not 

significant (Table 3.4).  More replicates may have solved this, as well as possibly 

lowered the p-values on the parameter estimates (Table 3.4).   

 

 

Figure 3.3.  Shape of the final predicted quadratic curve fit for RSM. 
 

The Q2 algorithm predicted an optimum close to the region that yielded the 

highest experimental results (Figure 3.4).  Figure 3.3 and Figure 3.4 are not directly 
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comparable because Figure 3.3 represents the quadratic curve fit predicted by RSM 

and Figure 3.4 represents the actual experimental values, simply to visualize the trends 

of the raw data.  Due to the variability of the system, Q2 did not prune much of the 

ROI given the 3 steps.   

 

Figure 3.4.  Contour plot of the raw data from the Q2 experiments.  Response scale is 
in units of µM H2 in the headspace of the GC vials. 
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Response Analysis 

 The coefficient of variation for the five center points of the CCD in RSM was 

0.17, so we performed the response analysis using ±17% of each H2 response.  RSM 

was able to predict optima over a tighter range, given 17% variability, and did not run 

into any saddle points, as opposed to Q2 (Table 3.6).  We are extending the Q2 code to 

be able to accept saddle point solutions and report a maximum in the ROI, similar to 

ridge analysis in RSM.   
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Table 3.6.  Response analysis for the final predicted quadratic curve fits.  
a. RSM 

Stationary pt. N (mM) pH Stationary pt. N (mM) pH

maximuma 0.64 7.77 maximum 0.62 7.77
maximum 0.63 7.77 maximum 0.63 7.77
maximum 0.65 7.75 maximum 0.60 7.83
maximum 0.63 7.77 maximum 0.63 7.76
maximum 0.63 7.78 maximum 0.63 7.76
maximum 0.63 7.78 maximum 0.63 7.76
maximum 0.63 7.78 maximum 0.63 7.76
maximum 0.63 7.78 maximum 0.63 7.76
maximum 0.63 7.78 maximum 0.63 7.76
maximum 0.63 7.74 maximum 0.63 7.80
maximum 0.63 7.78 maximum 0.64 7.75
maximum 0.61 7.76 maximum 0.65 7.80
maximum 0.62 7.78 maximum 0.65 7.75

Minus 17% Plus 17%

 
 

b. Q2 

Stationary pt. N (mM) pH Stationary pt. N (mM) pH

maximum 0.36 7.88 saddle 0.50 8.06
saddle 0.50 8.06 maximum 0.36 7.88

maximum 0.28 7.93 saddle 0.50 8.06
saddle 0.50 8.06 saddle 0.50 8.06

maximum 0.38 7.93 maximum 0.26 8.04
saddle 0.50 8.06 maximum 0.32 7.86
saddle 0.50 8.06 maximum 0.25 7.90

maximum 0.24 8.06 maximum 0.24 7.93
maximum 0.36 7.88 maximum 0.36 7.88

saddle 0.50 8.06 maximum 0.36 7.96
maximum 0.36 7.95 maximum 0.35 7.98
maximum 0.36 7.88 saddle 0.50 8.06
maximum 0.33 8.00 saddle 0.51 8.07

Minus 17% Plus 17%

 
a  Columns 1 – 3 show how much the predicted optimum (Table 3.3, step 4) would 
change given a 17% lower H2 production response from each of the 13 points of the 
final quadratic curve fit (Table 3.3, step 3).  Columns 4 – 6 show how much the 
predicted optimum would change given a 17% higher H2 production response.   
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Discussion 

Initial Screening: Plackett-Burman Design 

S may not have been significant because the range chosen to observe was 

already within an optimal range (1-50 µM, whereas complete BG-11 contains 325 

µM).  HCO3
- alone was not significant in the previous study either (19), but its 

interaction with other nutrients were significant, which could be true herein as well.  

However, Plackett-Burman screening designs are designed to screen many factors at 

once, instead of examining interaction effects.  Another possibility is that while the 

previous study found that 46 mM HCO3
- was optimal (19), we chose 1-120 mM 

HCO3
- as our range because we observed that cell growth rate is improved with HCO3

- 

levels as high as 120 mM (data not shown).  Thus it is possible that we overshot the 

optimum, and that HCO3
- would have been significant if we had chosen a smaller 

range.  High HCO3
- could provide more electrons to the hydrogenase enzyme, since it 

relieves the cells of having to actively convert CO2 to HCO3
-, which is energy 

intensive.  High HCO3
- may also aid in glycogen accumulation.  Light % may have 

shown a negative correlation with H2 production because the fermentative H2 

production overcame the short burst of H2 produced on the dark-to-light transition 

(24).  It is possible that with more than one dark/light cycle per hour, % light would 

make a positive difference.  Cell age showed a large positive impact on H2 production, 

perhaps because cells in late log or stationary growth phase build up more glycogen 

and chlorophyll.  The opposite trend was seen in Synechococcus sp. strain Miami BG 

043511 (46).   
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Optima predicted by RSM vs. Q2 

The optimum NH4
+ concentrations predicted by RSM and Q2 encompass the 

optimum reported recently in our lab, which is consistent since the optimum pH found 

in this study was very close to the pH of 8.00 used in the recent study (19).  In 

comparison with the N concentration in BG-11 of 17.6 mM, the optima of 0.63 mM 

and 0.36 mM found in this study, and 0.52 mM found in the recent study, are very 

close to each other, and given the variability of the system, could represent the same 

optimum.  Jo et al. (36) optimized NH4
+ and pH (in addition to PO4

3-) in S-deprived 

Chlamydomonas reinhardtii cultures and found maximum H2 production at 9.20 mM 

and 7.00, respectively, representing a 23% higher N concentration than standard TAP 

culture media for Chlamydomonas reinhardtii.  In contrast to the Jo et al. (36) study, 

most algal and cyanobacterial studies have shown that N limitation causes H2 

production to increase (17, 19, 70, 77).  It has been suggested that N limitation causes 

increased glycogen build up, which in turn yields higher fermentative H2 production 

(70, 77).  Also, N limitation inhibits photosystem II (6), which is similar to the 

inhibitor, DCMU, which has been shown to produce more fermentative H2 (18, 24, 

25).  Shi and Yu (72) found that the optimal glutamate concentration for H2 production 

by Rhodopseudomonas capsulata, a photosynthetic, purple nonsulfur bacteria, was 

6.56-7.01 mM, while Chen et al. found the optimal glutamic acid concentration for H2 

production by Rhodopseudomonas palustris to be 4.13 mM (21).   
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The optimum pH of 7.77 or 7.88 was close to many of the studies optimizing 

H2 production from autotrophic microorganisms (21, 36, 72, 77), although it was 

incongruent with other optimal pH values reported for Synechocystis sp. PCC 6803 (8, 

49).  Mohamed et al. (49) found higher H2 production by Synechocystis sp. PCC 6803 

cultures at pH 9 or higher.  This could be because cyanobacteria have been shown 

previously to produce more H2 when the proton gradient is depleted, which could 

result from chemical alteration of the proton gradient by excess OH ions at high pH.  

In addition, it may be that high pH generally stresses the cells, decreasing their growth 

rate and leaving more NADPH available for H2 production.  In contrast, Antal and 

Lindblad found that the optimal pH for H2 production by S-deprived Synechocystis sp. 

PCC 6803 was 5-5.5 (8).  This wide range in optimal pH values suggests that the 

optimum pH may vary widely depending on interaction effects and other specific 

conditions.  Also, most studies optimize initial pH, and depending on how well the 

system is buffered, the final pH could vary greatly.  The optimal pH for H2 production 

by Rhodopseudomonas capsulata was found to be 7.29-7.31 (72).  Optimal pH values 

close to neutral could be due to high hydrogenase activity; pH 7.14 was found to yield 

the highest hydrogenase activity as observed with Chlamydomonas reinhardtii (43).  

In this study, the slightly higher than neutral optimal pH values could be a tradeoff 

between optimal hydrogenase activity and the benefits of higher pH suggested above.   

 When comparing H2 production normalized to chlorophyll, Q2 performed 

slightly better (i.e., predicted the conditions that yielded more H2), and when 

comparing H2 production normalized to optical density, RSM performed slightly 

better.  This may be because the optimum N predicted by Q2 was lower, and N 
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deprivation causes chlorosis (22, 45), resulting in lower chlorophyll values.  Either 

optimum can be used, based on which produces more total H2 in the desired 

application.  The 1.27- to 1.94-fold increase in H2 production is on the same order of 

magnitude as many microbial product optimization studies.  The absolute H2 

production value reported for EHB-1 media in this study is lower than that reported by 

Burrows et al. (19) because we used a lower cell age, in order to ensure that the cells 

were in exponential growth phase.   

 

Advantages and Disadvantages of RSM and Q2 

 A formal comparison of Q2 and RSM is impossible since RSM is not an 

algorithm, and while it is well studied and widely applied, and many sets of practical 

guidelines have been established, there is room for interpretation and two researchers 

studying the same problem would not use precisely the same approach.  Q2 however, 

is an autonomous algorithm, once the initial points are given and only requires the 

output values for the suggested experiments to be entered.  It is worthwhile though, to 

discuss the practical benefits and drawbacks of each method. 

Neither RSM nor Q2 provide a rigorous framework for choosing the initial 

sampling points.  Q2 simply requires the initial sampling ROI to be large enough to 

encompass the optimum.  Q2 also starts a step later than RSM in that it cannot 

independently be used for initial screening of variables.  It is assumed that the 

important factors are already known.  RSM includes initial screening, although it is 

often difficult to follow the outlined steps flawlessly, without having to repeat some of 
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them.  Factorial designs have several requirements in order to provide useful 

information.  For instance, the corner points of the full factorial design must be far 

enough apart that the variability in response is significantly less than the difference 

among points (i.e. the four corner points are far enough apart to be significantly 

different from each other, so that the correct path of steepest ascent is calculated from 

them), but they have to be close enough together to allow determination of an accurate 

path of steepest ascent with the correct resolution for the design space.  This balance is 

crucial and can be experimentally hard to achieve.  The Q2 algorithm addresses 

variability by conservatively pruning the ROI, and thus does not have the same 

experimental requirements.  However, the initial sampling area, which determines the 

ROI, must be small enough for a quadratic fit to be appropriate, and large enough to 

ensure that the optimum is contained within it.   

 RSM initially assumes that data variability is small enough that not repeating 

the four points that determine the path of steepest ascent (assuming two factors), and 

not repeating the points along the path, will still arrive at the region containing the 

optimum while sampling the minimum number of points.  This was not the case in our 

system, even when duplicates were performed on the crucial points, which is why we 

used triplicates.   

 If a system has high experiment-to-experiment variability, RSM would be the 

preferable technique, since a conclusion is drawn from each step, and the next step 

does not depend on being exactly the same as the step before it.  Q2, however, 

assumes that when new data are received, they will be exactly comparable to all the 

previous data.  Our data have inherent experiment-to-experiment variability since for 
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each step in this study, the cells were taken from one, homogeneous culture, and each 

subsequent experiment is taken from cultures that are one generation newer.  This 

variability is seen in steps 2 vs. 3 of RSM, where several points were repeated in 

different experiments with significantly different H2 values (Table 3.3).  This is also 

highlighted by the observation that the second point along the path of steepest ascent 

showed a higher optimum (over three times more) than the final optimized media (step 

4), even though the two are very close (0.62 vs. 0.63 mM N and 7.66 vs. 7.77 pH).  

We tested the two against each other in the same experiment and found no difference.  

This high experiment-to-experiment variability also made it impossible to accurately 

compare the predicted optimum response to the experimental optimum response.  In 

the RSM sampling sequence, a conclusion is drawn after each experiment, and the 

succeeding experiment does not make use of the points from the previous experiment 

(i.e., one experiment to determine significant factors, followed by an independent 

experiment to determine path of steepest ascent, then followed by an independent 

experiment to determine the location of the CCD), therefore experiment-to-experiment 

variability is irrelevant, as long as each experiment provides useful information (for 

example, enough points were chosen along the path of steepest ascent, and the step 

size was sufficient to identify an optimum range, etc.).  However, if experiment-to-

experiment variability is minimal, Q2 would be preferable because 1) the memory-

based characteristic makes better use of the data obtained, and 2) an optimum is 

calculated after each data point, and satisfactory conditions could be achieved without 

having to complete all the sequential experiments outlined for RSM.  It would also 

work nicely in some situations to use RSM and Q2 in conjunction, since RSM can 
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locate the region containing the optimum, and Q2 can perform sequential experiments 

within that region to yield the most accurate optimum.   

 The Q2 algorithm was originally designed to sample one point at a time, in 

order to minimize sampling and expense.  The experiments in this study were 

expensive time-wise, but several could be run concurrently at very little monetary 

cost.  When choosing more than one point in a sequence of experiments, we adjusted 

Q2 to continue sampling the next furthest point from all other points, but this method 

was only previously formally tested for one point at a time (50).  It could be that given 

the opportunity to sample several points at a time, it would yield better results, for 

example, to concentrate some proportion of the points around the predicted optimum 

and sample the other points using the “furthest point” heuristic.  This is known as the 

“explore/exploit” tradeoff in machine learning, where it is valuable to exploit the data 

already collected and sample close to the predicted optimum, but it is possible that a 

different, better optimum exists, in which case it would be beneficial to explore other 

regions (74).  Further work will be done to develop such a “lot mode” Q2 algorithm.  

This kind of algorithm would work well in conjunction with the newly developed 

high-throughput screening assay for hydrogen, in which hundreds of combinations can 

be sampled simultaneously over a several-day incubation period (66).   
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Abstract 

A major factor limiting biosolar hydrogen (H2) production from cyanobacteria 

is electron availability to the hydrogenase enzyme.  This study investigated the effects 

of five inhibitors of the photosynthetic and respiratory electron transport chains of 

Synechocystis sp. PCC 6803 in order to optimize 24-hour H2 production using 

Response Surface Methodology and Q2, an optimization algorithm.  Initial screening 

showed that cells in full light made the most H2 in the presence of KCN, that cells in 

the dark produced the most H2 when exposed to malonate, and that the two inhibitors 

worked well together for H2 production under natural diurnal light/dark cycling.  Over 

3 days, with 9.40 mM KCN and 1.49 mM malonate we were able to increase H2 

production 30-fold in EHB-1 media previously optimized for nitrogen (N), sulfur (S), 

and carbon (C) concentrations (19).  In addition we measured glycogen concentration 

over 24 hours with two light/dark cycling regimes in both standard BG-11 and EHB-1 

media.  Our results suggest that electron flow as well as glycogen accumulation should 

be optimized in systems engineered for maximal H2 output.     

 

Introduction 

 Several biochemical issues, including electron supply to the hydrogenase 

enzyme, currently limit large-scale hydrogen (H2) production by cyanobacteria.  The 

photosynthetic and respiratory electron transport chains furnish electrons to reduce 

NADP+ to NADPH, which in turn provides electrons to the hydrogenase enzyme.  

These electron transport chains interact with many metabolic pathways, and 

decreasing electron flow through selected, competing pathways could result in greater 
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electron availability for H2 production. A number of specific inhibitors for this 

purpose have been used in the past.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.  Schematic of the thylakoidal electron transport chain with specific 
inhibitors.  Abbreviations: PSI, photosystem I; PSII, photosystem II; PQ, 
plastoquinone pool; PQH2, reduced PQ pool; PC, plastocyanin; Cyt, cytochrome553; 
hv, photons; Fd, ferredoxin; Fd*, reduced ferredoxin; SUC, succinate; FUM, fumarate; 
e-, electron (* represent electrons at different energy states).  All PQ’s represent the 
same PQ pool. 
 

  Five inhibitors that have been used to interdict electron flow through specific 

pathways in cyanobacteria are dibromomethylisopropyl benzoquinone (DBMIB), a 

cytochrome b6f inhibitor that increases the extent to which the plastoquinone (PQ) 

pool is chemically reduced; 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), a 

photosystem II (PSII) inhibitor that restricts electron transfer from PSII to the PQ 
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pool; KCN, which inhibits all three respiratory terminal oxidases; pentachlorophenol 

(PCP), a quniol oxidase inhibitor (one of the respiratory terminal oxidases) (57); and 

malonate, which inhibits the succinate dehydrogenase enzyme up to 75% (56) (Figure 

4.1).  Each of these five inhibitors potentially could lead to increased H2 production by 

Synechocystis sp. PCC 6803.  

Cournac et al. (24, 25) reported higher H2 production in the presence of 75 µM 

DCMU under dark, anaerobic conditions.  KCN and PCP block the quinol oxidase, 

causing the PQ pool to be more reduced (55).  Also KCN may block H2 uptake (10) or 

block electrons from cytochrome b6f to photosystem I (PSI) (15), similar to DBMIB.  

DBMIB has been shown to cause nitrate assimilation genes to be up regulated (34), 

and Gutthann et al. (32) found that, because assimilation of nitrate is an electron sink, 

inhibiting nitrate assimilation caused H2 production to increase.  Cournac et al. (24, 

25) found that DBMIB decreased light-driven H2 production and did not affect 

hydrogenase activity.  It has been suggested that succinate dehydrogenase reduces the 

PQ pool under dark conditions (23). We examined malonate to evaluate whether it 

may have an effect under light conditions as well. Also, malonate has been shown not 

to interfere with the full reduction of the PQ pool by other mutants, such as terminal 

oxidase knockouts (23).   

In this study we investigated the effects of the five inhibitors, DBMIB, 

DCMU, KCN, PCP, and malonate, on H2 production by Synechocystis sp. PCC 6803 

during full light, full dark, and light/dark cycling conditions.  Using Response Surface 

Methodology (RSM) (51) and the Q2 algorithm (20), we were able to optimize the 

concentrations of inhibitors shown in initial screening experiments to bring about the 
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highest production of H2. Our results suggest that partial knockouts of pathways 

involved in the electron transport chains could be beneficial for 24-hour H2 

production.  Optimizations were done over time periods of three days with natural 

diurnal day/night cycles, and glycogen content was measured in the cultures in order 

to identify conditions conducive to maximal H2 production.   

 

Materials and Methods 

Initial screening of H2 production in the presence of inhibitors 

We conducted several initial screening experiments to thoroughly explore the 

system before determining which inhibitors to further pursue.  These initial screening 

experiments consisted first of measuring H2 production in the presence of each 

inhibitor individually, under full light and full dark conditions.  We then tested 

combinations of the five inhibitors simultaneously using Plackett-Burman design (58) 

and subsequently examined wide concentration ranges of the inhibitors that were most 

effective for H2 production.  In addition, to determine whether light/dark cycling 

would be beneficial (due to glycogen build up, for example), we evaluated how 

malonate, the inhibitor that produced the most H2 under dark conditions, would 

perform if cells were exposed to light conditions prior to dark conditions.  Finally, we 

conducted growth curves in the presence of each inhibitor.     

Initial screening experiments were conducted using both a colorimetric 

screening assay (66) and gas chromatograph (GC)-vial experiments, with H2 and CO2 

accumulations in the headspace of GC vials measured by injections of headspace gas 
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into a GC (Agilent Series 6890N, Agilent Technologies Inc., Santa Clara, CA, USA) 

as described by Burrows et al. (20).  All GC-vial experiments in this study used 4-mL 

vials.   

For both the screening assays and the initial GC-vial experiments 8x109 cells 

were suspended in 1 mL of media. Synechocystis sp. PCC 6803 cells were cultivated 

as described by Burrows et al. (20).  In this paper, “BG-11” refers to BG-11 as 

described previously (5, 62), supplemented with 80 mM NaHCO3, 35 mM HEPES 

buffer, 0.52 mM NH4Cl, and 20.1 µM Na2SO4, at pH = 8.0.  This formulation was 

chosen partly to aid comparison with results obtained using EHB-1 media, which, with 

optimal levels of S, N, and C, was found to achieve almost 150 times higher H2 

production than S-deprived cells under the same conditions (19).  Cell numbers were 

calculated using equations established in our lab (20).  Cells were concentrated by 

centrifugation for 6 minutes at 8000g (Beckman centrifuge, model J2-21M, GMI Inc., 

Ramsey, Minnesota, USA).  For initial screening of individual inhibitors prior to the 

Plackett-Burman experiments and for the growth curves, inhibitors were added to final 

concentrations of 10 mM KCN, 10 mM malonate, 1 mM PCP, 0.1 mM DCMU, and 

0.8 mM DBMIB.  Both the screening assay plates and the GC vials were placed in a 

hypoxic glove bag with a nitrogen atmosphere (0.1% O2, Coy Laboratory Products, 

Grass Lake, Michigan, USA) for one hour.  Each vial was capped with a PTFE-lined 

septum screw cap, inverted, and kept in a 30oC incubator.  For experiments conducted 

in the light, screening assays were illuminated from the bottom and inverted GC vials 

were illuminated from the top, both receiving approximately 50 µE m-2 s-1.  Two full-

dark vial tests were conducted.  Cells in experiment A (7x109 cells mL-1) were 
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acclimated to the inhibitors in 50 mL flasks in full light, then incubated in GC vials in 

the dark at 30oC for 3 hours.  Cells in experiment B (7x109 cells mL-1) were put 

directly into GC vials, degassed, capped, and kept in a dark, 30oC incubator for 48 

hours.   

We conducted two Plackett-Burman vial tests in full light with different levels 

of inhibitors.  Plackett-Burman design is used to screen many factors simultaneously 

using the minimum number of samples, to identify the important factors.  For the first 

experiment the two levels of each factor were 30 mM and 3 mM KCN, 30 mM and 3 

mM malonate, 3 mM and 0.3 mM PCP, 0.3 mM and 0.03 mM DCMU, and 2.4 mM 

and 0.24 mM DBMIB.  For the second experiment we lowered the concentrations, 

using no inhibitor for the low level and 15 mM KCN, 15 mM malonate, 1.5 mM PCP, 

0.15 mM DCMU, and 1.2 mM DBMIB for the high level.   

After we determined the inhibitors most effective for increasing H2 production, 

KCN and malonate, we tested them at concentrations of over two orders of magnitude 

(0 mM, 1 mM, 10 mM, and 100 mM) in GC vials and found that 1 mM KCN and 10 

mM malonate were optimal for H2 production individually under light and dark 

conditions, respectively (data not shown).   

As an additional preliminary exploratory experiment we also tested whether 

vials with 10 mM malonate produced more H2 when exposed to three days of full 

dark, as opposed to one day of full light followed by two days of darkness.  Vials had 

3x1010 cells suspended in 1 mL of EHB-1 media.   

Also, to determine whether the cells would grow in the presence of the 

inhibitors, we started cultures at OD730 = 0.2 and 0.6 (2.8x108 and 8.1x108 cells mL-1, 
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respectively) and measured growth over three days.  We used two starting densities to 

test whether more established cultures, with less inhibitor per cell, would grow better 

than cells starting at lower density.   

 

Full factorial design 

 After the important inhibitors and ranges were identified, we conducted a 2-

level full factorial screening design to determine the path of steepest ascent.  We used 

1 and 10 mM concentrations for both KCN and malonate under two light regimes.  We 

chose a 12 h light/12 h dark cycling regime to simulate natural diurnal cycles, and also 

a 21 h light/3 h dark cycling regime to explore the effect and timing of glycogen build 

up and subsequent use.  All experiments started at the beginning of a light cycle.  We 

used 3x1010 cells mL-1 and ran experiments for 3 days for the full factorial design as 

well as the following optimization of KCN and malonate concentrations.    

 

Optimization of 24-hour H2 production using RSM and Q2 

Based on results from the full factorial screening experiments, we carried out 

two optimization methods, 1) the well-established RSM; and 2) the newly applied Q2 

algorithm.  Q2 has unique benefits and drawbacks compared to RSM, as discussed by 

Burrows et al. (20).  Briefly, Q2 is an optimization algorithm which, given a dataset, 

systematically narrows the optimal region of interest and fits a quadratic using 
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Bayesian regression.  It is designed then to choose autonomously the next 

experiment(s) to perform.   

For the final step in RSM we used an inscribed, uniform precision central 

composite design (CCD) with five center points, with the center located at the second 

step along the path of steepest ascent.  The CCD required 13 points, so we chose 13 

points randomly within the range of the CCD for use with the Q2 algorithm in order to 

provide a direct comparison, since Q2 does not specify the initial points to sample.  

We carried out these optimizations with 12 h light/12 h dark cycling to simulate 

natural diurnal cycling.  After finding the optimum KCN and malonate concentrations 

over 3 days in BG-11, we set up the same RSM and Q2 experiments to locate an 

optimum for EHB-1 media. 

 

Glycogen build-up over 24 hours and effects of inhibitors 

 In order to determine the amounts of glycogen accumulated and used over 24 

hours given two light/dark cycling regimes (12 h light/12 h dark and 21 h light/3 h 

dark), we set up GC vials and sacrificed them after one light period, and then after one 

dark period.  We set up vials with and without the optimized levels of inhibitors, in 

BG-11 and EHB-1 media, to determine the effects of the inhibitors on glycogen 

storage.  Glycogen concentration was determined using the method of Ernst et al. (29) 

with the following changes: the initial concentration of cells was approximately 600 

µg Chl mL-1, and glycogen was digested to glucose with 10 units of amyloglucosidase 

and 20 units of amylase (10115 and 10069 respectively, Sigma, St. Louis, MO, USA).  
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Glucose concentration was then measured with a glucose hexokinase assay kit 

(GAHK-20, Sigma, St. Louis, MO, USA), using standard curves that we developed for 

glycogen.  We determined chlorophyll concentration using methanol extraction and 

subsequent spectrophotometric measurements at 665 nm wavelength (59).   

 We set up additional vials with 3x1010 cells per vial to evaluate whether KCN 

or malonate had an effect on glycogen accumulation.  In triplicate in BG-11, we tested 

three inhibitor conditions: 1) no inhibitors, 2) optimized KCN only, and 3) optimized 

malonate only.  We incubated the vials in full light for 24 hours and then measured 

glycogen concentration.  To obtain glycogen concentrations at t = 0, we also harvested 

cells and measured glycogen concentrations when each experiment was started. 

 

Results  

Initial screening of H2 production in the presence of inhibitors 

With the inhibitor concentrations and cell densities used in these experiments, 

screening assay results indicated that cells in full light produced much more H2 when 

KCN was present (Figure 4.2).  Cell-free controls with KCN and malonate present 

caused colorometric responses to decrease (i.e. the indicator dye in the top plate 

became more oxidized), possibly because the compounds volatilized and reacted with 

the dye. (We have seen similar effects previously in controls with other volatile acids, 

such as butyric acid (data not shown).)  Analogous 4-mL GC-vial tests in full light 

showed the same qualitative results as the screening assay: cells in the presence of 
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KCN showed higher H2 production in both BG-11 and in EHB-1 media (data not 

shown).   

In the screening assay, cells exposed to full dark, or to one day of full light 

followed by five days of dark showed no detectable increases in H2 production over 

control cultures not exposed to inhibitors (data not shown).  GC-vial tests in full dark 

showed that cells treated with malonate made as much H2 as controls with no 

inhibitors, while other inhibitors showed no H2 production, with the exception of 

DCMU-treated cells, which produced slightly over half the H2 shown by malonate 

(Table 4.1).   

 

Figure 4.2.  Response of inhibitors in 5-day screening assay incubated in full light.  
Error bars indicate one standard deviation. 
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Table 4.1.  Dark incubations in GC vials.  Cells in experiment A were acclimated to 
the inhibitors in 50 mL flasks in full light, and then 7x109 cells were incubated in GC 
vials in the dark at 30oC for 3 hours.  7x109 cells and inhibitors in experiment B were 
put directly into GC vials, degassed, capped, and put in a dark, 30oC incubator for 48 
hours.  Numbers in parantheses indicate one standard deviation.   

Experiment A Experiment B
H2 Production (µM) H2 Production (µM)

No inhibitors 11.19 (1.31) 2.37 (1.61)
KCN 0.00 (0.00) 0.00 (0.00)

Malonate 14.41 (4.72) 3.61 (0.46)
DBMIB 0.00 (0.00) 0.00 (0.00)
DCMU 0.00 (0.00) 1.94 (0.45)
PCP 0.00 (0.00) 0.00 (0.00)  

 
 
In the two Plackett-Burman experiments, each testing two levels of the five 

inhibitors in combination, none of the cultures produced measurable H2 (data not 

shown), indicating that even with low levels of inhibitors, the combination of all five 

together had deleterious effects on H2 production.   

Growth curves showed that cells initially present at a higher cell density 

(OD730 = 0.6) and grown in the presence of 10 mM KCN increased in optical density 

as fast as cells with no inhibitors, while cells initially present at a lower cell density 

(OD730 = 0.2) were slightly growth inhibited (Figure 4.3).  All other inhibitors and 

conditions caused optical density to decrease. 
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Figure 4.3.  Growth curves in the presence of inhibitors, with initial OD730 of 0.2 and 
0.6.  Error bars indicate one standard deviation. 
 

 

In addition, we observed that malonate caused the cells to produce more H2 if 

they were exposed to light prior to dark incubation (Figure 4.4).  Cells exposed to 1 

day of light followed by 2 days of dark produced 4.8 times more H2 in the presence of 

malonate than in respective controls, while cells exposed to 3 days of full dark 

produced 2 times more H2 in the presence of malonate than in respective controls.  

Controls (cells without malonate) exposed to the light/dark combination produced 1.8 

times more H2 than cells in full dark (Figure 4.4).  This suggests that light/dark 

cycling, possibly in the presence of KCN, which produced the most H2 in the light, 

might prove beneficial. 
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Figure 4.4.  H2 production by cells exposed to 10 mM malonate in GC vials over 3 
days, with and without one day of light initially.  Error bars indicate one standard 
deviation. 
 
 

Full factorial design 

 The 2-level full factorial design revealed that H2 production was highly 

dependent on the concentrations of KCN and malonate and on the light/dark cycling 

regime (Figure 4.5).  Cultures with 10 mM KCN and 1 mM malonate produced over 

20 times more H2 than control cultures with light cycled at 21 h light/3 h dark and 

almost twice as much as control cultures with light cycled at 12 h light/12 h dark.  

Without inhibitors, cultures under the 12 h light/12 h dark cycling regime produced 

over 6 times more H2 than cultures under the 21 h light/3 h dark cycling regime.  

However, in the presence of 10 mM KCN and 1 mM malonate, cultures under the 21 h 
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light/3 h dark cycling regime produced almost twice as much H2 as cultures exposed 

to 12 h light/12 h dark.   

 

0

2

4

6

8

10

12

14

16

18

No inhibitors 1 mM KCN, 10 mM Mal 1 mM KCN, 1 mM Mal 10 mM KCN, 10 mM Mal 10 mM KCN, 1 mM Mal

H
2
 A

cc
um

ul
at

io
n 

(
M

)

12 h on, 12 h of f

21 h on, 3 h off

Figure 4.5.  Full factorial design for two light regimes; lights on for 21 hours followed 
by 3 hours of dark, and lights on for 12 hours followed by 12 hours of dark, both over 
3 days in BG-11.  Error bars indicate one standard deviation. 
 

Optimization of 24-hour H2 production using RSM and Q2 

Because the 12 h light/12 h dark cycling regime simulates natural diurnal 

cycles, we wanted to evaluate the extent to which we could optimize it for H2 

production.  The path of steepest ascent calculated from the full factorial design 

yielded parameter estimates of 0.76 for KCN and -2.01 for malonate.  If we progressed 

in that direction from the center (5.5 mM KCN, 5.5 mM malonate), we would only 

progress two non-coded steps before malonate would go negative, so we decided to 

conduct a CCD, with the center at non-coded step two (7.03 mM KCN, 1.48 mM 

malonate), with a coded distance of 1 equal to 5 mM for KCN and 1.48 mM for 

malonate, meaning the range for the CCD was 2-12 mM for KCN and 0-3.5 mM for 

malonate.  We used these ranges to optimize KCN and malonate both in BG-11 and in 
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EHB-1 media, and to compare the RSM results to those of the Q2 algorithm (Table 

4.2).  RSM and Q2 produced similar optima for KCN and malonate, with statistically 

insignificant differences in H2 production, given the same dataset (Table 4.3) for the 

BG-11 optimization.  Q2 produced the only optimum for the EHB-1 optimization.  

The solution for the RSM quadratic curve fit for the BG-11 optimization had an R2 of 

0.847, ANOVA p-value of 0.0091, and lack-of-fit p-value of 0.5927 indicating that the 

model fit was significant, and there was no evidence of lack of fit.   

 
Table 4.2.  Experimental set up and H2 response for the optimization of KCN and 
malonate concentrations over 3 days of natural light cycling, using RSM and Q2 
algorithm. 

BG-11 EHB-1 BG-11 EHB-1

KCN (mM) Mal (mM) H2 (µM) H2 (µM) KCN (mM) Mal (mM) H2 (µM) H2 (µM)

7.82 0.61 16.05 23.24 2.00 1.75 0.00 8.05
11.75 1.95 10.89 20.77 3.46 0.51 6.45 15.23
5.30 0.03 4.76 23.83 3.46 2.99 1.49 4.54
10.10 3.19 2.90 21.31 7.00 0.00 15.60 9.15
4.08 0.59 3.14 8.51 7.00 1.75 17.11 9.88
11.46 1.92 5.37 19.85 7.00 1.75 18.26 13.04
2.06 0.30 0.00 19.99 7.00 1.75 12.85 12.30
9.39 3.24 4.44 17.20 7.00 1.75 12.67 16.51
7.70 3.42 2.99 1.39 7.00 1.75 11.02 12.67
8.98 1.67 3.34 21.54 7.00 3.50 5.72 1.66

5.25 1.12 2.45 12.81 10.54 0.51 11.57 17.75

6.57 1.86 1.98 2.47 10.54 2.99 14.82 2.16
7.47 1.28 5.73 19.53 12.00 1.75 10.66 19.71

Q2 RSM

 

 

Results showed that over 3 days, under the conditions of these experiments, H2 

production increased 30-fold in BG-11 in the presence of 8.34 mM KCN and 1.22 mM 

malonate.  With 9.40 mM KCN and 1.49 mM malonate, H2 production increased 5.8-

fold in EHB-1 media optimized for N, S, and C (Table 4.3).  H2 production in the 
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EHB-1 controls (no inhibitors) was 5.2 times higher than in the BG-11 controls under 

these conditions.  CO2 production by cultures in both BG-11 and EHB-1 media was 

between 9 and 12 times higher in the presence of inhibitors than in respective controls.  

Although the inhibitor values are reported in concentrations, we determined via scale-

up experiments to 150 mL serum bottles that inhibitor optimizations apply as mol/cell 

number (data not shown).   For example, optimal KCN for BG-11 is 8.34 µmol/3x1010 

cells.   

 

Table 4.3.  Results of optimization. 

Optimization method Media Optimal KCN (mM) Optimal malonate (mM) Day 3 H2 (µM) Day 3 CO2 (mM)

RSM BG-11 8.42 1.34 4.78 (0.57) 6.95 (0.94)
Q2 BG-11 NA NA

Q2 given RSM data BG-11 8.34 1.22 9.30 (5.80) 7.48 (0.89)
Experimental control (no inhibitors) BG-11 0.31 (0.54) 0.74 (1.28)

RSM EHB-1 NA NA
Q2 EHB-1 9.4 1.49 9.28 (0.86) 6.08 (1.14)

Q2 given RSM data EHB-1 NA NA
Experimental control (no inhibitors) EHB-1 1.59 (0.28) 0.52 (0.89)

Saddle point solution

Saddle point solution

Saddle point solution

 
 

Glycogen build-up over 24 hours and effects of inhibitors 

 Cultures in EHB-1 media with inhibitors produced over three times more H2 

over 24 hours than cells in BG-11, and while the H2 production rate leveled off after 

12 hours with cells in BG-11, this was not observed with cells in EHB-1 media 

(Figure 4.6).  Cultures in vials without inhibitors did not produce detectable H2 over 

24 hours, except for cells in EHB-1 media exposed to 12 h light followed by 12 h 

dark, which accumulated only 3.8 µM H2 over the 24 hour period (data not shown).  

The rate of H2 production was highest in EHB-1 media after 12 hours (0.47±0.046 

nmol H2 OD730
-1 h-1 or 0.072±0.008 µmol H2 mg Chl-1 h-1).   
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Figure 4.6.  H2 accumulation over 24 hours, given light/dark cycling of 12 h/12 h and 
21 h/3 h, with inhibitors. Error bars indicate one standard deviation. 
 

 Cultures exposed to inhibitors showed decreased glycogen concentration over 

the light period in all cases (Figure 4.7).  Cultures in EHB-1 media with inhibitors 

contained less than 10% of the glycogen found in cultures in EHB-1 media without 

inhibitors after 12 h (Figure 4.7a).  All cultures used glycogen during the dark 

incubation except for cells in EHB-1 media with inhibitors over 12 h dark, and 

cultures in BG-11 generally used a greater proportion of their stores, although EHB-1 

media without inhibitors over 12 h dark used the greatest absolute amount of glycogen 

(the intracellular concentration decreased from 18.2 to 7.2 µg glycogen OD730
-1 mL-1).  

Cultures did not build up more glycogen over 21 h than they did over 12 h in light, nor 
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did they use up as much of their glycogen during 3 h of dark as they did during 12 h, 

despite the similar H2 production over 24 h.   
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Figure 4.7.  Glycogen accumulation over 24 hours, given light/dark cycling of 12 h/12 
h (a) and 21 h/3 h (b), with and without optimized concentrations of inhibitors.  Error 
bars indicate one standard deviation. 
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Cultures incubated 24 h in full light with 8.34 mM KCN showed 4.6 times less 

glycogen than cultures with no inhibitors, whereas cultures with 1.22 mM malonate 

did not show statistically different glycogen accumulation compared to cultures with 

no inhibitors (Table 4.4).  Glycogen concentration decreased almost two-fold in the 

cultures with no inhibitors after 24 h in full light.   

 
Table 4.4.  Effects of KCN and malonate on glycogen and chlorophyll concentrations 
in cells at To and after 24 h full light.  Numbers in parentheses indicate one standard 
deviation.

µg Glycogen/ mg Chl

To 2.75 ( 0.27 ) 8.58 ( 0.38 ) 320.3
No inhibitors 1.51 ( 0.13 ) 8.54 ( 0.80 ) 176.4
8.34 µM KCN 0.33 ( 0.01 ) 10.72 ( 0.07 ) 30.6

1.22 µM Malonate 1.50 ( 0.10 ) 8.64 ( 0.29 ) 173.7

Glycogen (µg OD-1 mL-1) Chlorophyll (µg OD-1 mL-1)

 
 

Discussion 

Of the five electron transport chain inhibitors tested, there are several 

explanations why KCN and malonate were effective at increasing H2 production, 

although it is surprising that they were the only two that did so under the many 

experimental conditions evaluated.  Appel et al. (10) suggest that KCN may block H2 

uptake, and since KCN blocks the quinol oxidase, which pulls electrons from the PQ 

pool, this leaves the PQ pool more reduced, as suggested by Peltier and Cournac (55).  

However, PCP also blocks the quinol oxidase, so that alone could not cause the 

difference since we did not see an increase in H2 in the presence of PCP.  KCN can 

also block electron flow from cytochrome b6f to PSI (15).   

The fact that malonate increased H2 production in the dark suggests that the 

succinate dehydrogenase may not be the major source of electrons to the PQ pool, as 
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Ryu et al. (63) suggest.   There is debate about this, and more research needs to be 

done (23).  Malonate could have another effect on cellular metabolism that overcomes 

the decrease in electrons to the PQ pool, or the succinate dehydrogenase enzyme could 

have adapted to the partial inhibition caused by malonate.   

Although it is surprising that the other inhibitors did not increase H2 

production, it is indeed difficult to predict the exact outcome of any given inhibitor 

since many metabolic pathways are altered with each inhibitor; as Hihara et al. (34) 

report, the regulation of over 140 genes in Synechocystis sp. PCC 6803 was affected 

by the addition of DBMIB and/or DCMU.  Prediction is further complicated when 

multiple factors are changed, such as the case of combining inhibitors with EHB-1 

media, which has low S and N concentrations.  Zhang et al. (81) reported many 

transcriptional changes from sulfur starvation in Synechocystis sp. PCC 6803 

including decreased transcription of the photosystems and cytochrome b6f.  Cournac et 

al. (24, 25) did not see a large difference in the burst of H2 production upon 

illumination in the presence of 75 µM DCMU or a difference in subsequent H2 uptake, 

but then upon the switch back to dark conditions, cells in the presence of DCMU 

produced more H2, which is consistent with the dark H2 production observed in the 

presence of DCMU.    The DCMU concentration used in these experiments was higher 

than that used by Cournac et al. (24, 25), however, which could be important. 

In the full factorial experiment, the greater H2 production from the 12 h 

light/12 h dark cycling with no inhibitors is explained by the unexpected greater 

amount of glycogen accumulated over 12 hours of light rather than 21 hours of light, 

and the expected greater amount of glycogen used over 12 hours of dark rather than 3 
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hours of dark.  The greater H2 production from the 21 h light/3 h dark cycling with 

inhibitors could be explained not by glycogen buildup, but by differences in the 

photosynthetic and respiratory electron transport chains, which are not fully 

understood. 

The results of the optimization are consistent with previous work showing that 

Q2 is a useful algorithm for biotechnological applications (20).  Since Q2 does not 

specify the initial set of points to sample we had the flexibility to input both datasets, 

which proved beneficial.  Both RSM and Q2 were useful in this optimization.  Q2 is 

an algorithm designed to suggest strategically the next experiment to perform, and so 

it may be possible to identify a higher optimum with further iterations of Q2.   

The order of magnitude increase in CO2 production in the presence of KCN 

and malonate could be an indication that the cells were stressed.  Since our data show 

that KCN decreases glycogen concentration, the cells could have become less efficient 

in fixing carbon and/or may have respired some fixed carbon rather than using it for 

growth.   This would seem to contradict the data showing cells in the presence of KCN 

to increase in optical density as quickly as control cells not exposed to inhibitors.  The 

results of Cournac et al. (25) suggest that H2 is the main source of electrons for CO2 

fixation.  If the inhibitors acted to block H2 uptake, then CO2 fixation could have 

decreased, consistent with the higher observed CO2 concentrations.   

The final H2 concentration after 3 days in the GC vials with inhibitors was the 

same regardless of the starting media (BG-11 or EHB-1), while after 24 hours three 

times more H2 was produced by cells in EHB-1 media with inhibitors than by cells in 

BG-11 media with inhibitors, regardless of light/dark cycling.  This provides options 
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for future configurations and applications.  For example, since the combined benefit of 

the inhibitors and the EHB-1 media optimized for glycogen buildup was seen after one 

day and not after three, and the H2 accumulation in the headspace was higher after one 

day, this suggests that a system that harvests the H2, rather than letting it build up 

would be more beneficial, since H2 buildup can cause enzyme inhibition or uptake of 

H2 (unless uptake is blocked by the inhibitors).  Although H2 buildup can lead to 

enzyme inhibition and H2 uptake, pre-incubation with 100% H2 has been shown to 

yield almost 2-fold increases in subsequent H2 production (9).   

Absolute glycogen concentration values reported in this study are in the same 

range as previous studies of Synechocystis sp. PCC 6803 as well as other 

cyanobacterial species (8, 48, 64, 75, 80).  Glycogen most likely decreased over 24 

hours in the light because the cell density was so high and the vials were not shaken, 

causing a thick layer of settled cells to form.  Future work should evaluate scale-up of 

these systems and address questions related to self-shading of cells, stirring, cell 

density, and batch versus continuous culture.  Our preliminary results of scale-up in 

120 mL serum bottles and 3 L bioreactors suggest that stirring may decrease H2 

production (data not shown), indicating that although light cycles are crucial, possibly 

the combination of upper layers exposed to light and anaerobic lower layers of cells 

may be beneficial.  Ananyev et al. (7) found that shaking or bubbling of cultures 

during the light stage prior to dark fermentation was detrimental to H2 production in 

their study of Arthrospira maxima, possibly because agitation increases the degree of 

oxygenation and the availability of nutrients for anabolism.   
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The results of this study indicate that electron flow and glycogen accumulation 

will both be important in systems engineered for maximal H2 output.  This is 

important partly because glycogen concentration is largely controlled by light/dark 

cycling, and, in order for photobiological H2 production to be commercially viable, 

natural diurnal solar cycles would be used.  Although our glycogen accumulation 

experiments indicate that more glycogen is not built up over 21 hours than 12 hours, 

and a greater amount is utilized over 12 hours dark than over 3, our results do indicate 

that natural, diurnal cycling may not be perfectly optimal because not all of the 

glycogen was utilized over the 12 hours in EHB-1 media optimized for glycogen 

accumulation.  The glycogen level after 12 h in the dark was the same as the level 

accumulated in BG-11 media before the dark cycle.  More work could be done to 

determine the maximal level of glycogen build up and the conditions under which it 

would be achieved. Both glycogen accumulation and electron flow have theoretical 

maxima (hydrogenase activity in the presence of methyl viologen and sodium 

dithionite has been measured extensively), and finding an optimum balance of the two 

is a major goal.  Hydrogenase activity, which itself changes under different conditions, 

can be one measure of maximum activity, and measured levels of in situ H2 production 

are far lower than hydrogenase activity levels.  The highest hydrogenase activity 

reported by Gutthann et al. (32) of 133 µmol H2 mg Chl-1 h-1, for example, is 110 

times even the short burst of hydrogen production upon illumination (1.2 µmol H2 mg 

Chl-1 h-1) reported by Cournac et al. (24).   

Specific inhibitors are often used to screen for enzymes to target for creation of 

knockout mutants.  Since we report optimized concentrations of KCN and malonate, 
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this indicates that partial rather than complete inhibition of the respiratory terminal 

oxidases and succinate dehydrogenase is optimal, which suggests that better results 

may occur if an enzyme is not completely knocked out.  Indeed, malonate was 

reported to inhibit the succinate dehydrogenase only up to 75% (56).  Use of a method 

to achieve partial gene knockouts, e.g., by down regulating specific enzymes, could 

avoid the use of toxic inhibitors.  Although using toxic inhibitors potentially could 

have negative environmental effects, we have observed that the cells can survive the 

optimal inhibitor concentrations long term.  Cells in 3 L batch-mode bioreactors at 

optimal KCN and malonate concentrations stayed viable for many days (data not 

shown), indicating that although 10 mM malonate was detrimental to cells in shake 

flasks, lower concentrations may be tolerated.   

A genetic approach may also be beneficial for more specific targeting of 

pathways.  KCN, in particular, is not specific for any one respiratory oxidase and 

inhibits all three, while genetic manipulations can target them individually.  Gutthann 

et al. (32) observed the effects of H2 production on individual and combinations of 

knockouts of the respiratory oxidases and found the greatest increase with a double 

knockout of the quinol oxidase and the alternative cytochrome c oxidase.  Increases 

were observed in general when the quinol oxidase was deleted.  Since KCN showed 

decreased glycogen accumulation and it is unknown whether this was caused by the 

direct inhibition of the respiratory terminal oxidases or any number of other changes in 

metabolism, a genetic modification may circumvent the problem of decreased 

glycogen accumulation while retaining the benefit of increased electron flow to the 
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hydrogenase.  Metabolic modeling, such as flux balance analysis, is a useful technique 

for predicting the results of knockout mutations, and should be exploited in the future.   

 

Conclusion 

 Over 30-fold higher H2 production from Synechocystis sp. PCC 6803 cultures 

was achieved over 3 days with 9.40 mM KCN and 1.49 mM malonate in EHB-1 

media previously optimized for N, S, and C concentrations, and higher increases could 

be achievable in a system that harvests the H2 as it is produced.  Further work to 

optimize glycogen accumulation and electron flow to the hydrogenase enzyme is 

needed.   
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CHAPTER 5 ~ GENERAL CONCLUSION 
 

Findings of the research 

 The research presented in this dissertation follows a progression of dramatic H2 

increase.  The cumulative effect of the research that went into Chapters 2 and 3 

resulted in close to a 300-fold increase in photosynthetically derived fermentative H2 

production over sulfur-deprived cultures, which are already known to produce on the 

order of four times more H2 than cultures grown on complete media (8).  In Chapter 4, 

additional increases in H2 production were seen over the previously optimized media 

by introducing inhibitors of the photosynthetic and respiratory electron transport 

chains, in order to increase electron flow (substrate) to the hydrogenase enzyme.   

 From the optimizations conducted in this dissertation, the highest overall H2 

output over 3 days of natural diurnal light/dark cycling was achieved by cells exposed 

to 20 µM S, 0.4 mM N, 46 mM C, 9.4 mM KCN and 1.5 mM malonate, at a pH of 7.9.  

A system that harvests the H2 as it is produced, to avoid H2 buildup in the vicinity of 

the cell cultures, would be optimal.  The use of specific inhibitors, KCN and malonate, 

could be avoided in the future through partial gene knockouts.  While factors such as 

depleted S and N concentrations work to increase glycogen accumulation during the 

light, KCN causes decreased glycogen accumulation.  Depending on the range of 

effects of KCN on cellular metabolism, a genetic knockout of the respiratory terminal 

oxidases, which KCN targets, may circumvent the detriment of decreased glycogen 

accumulation while retaining the benefit of increased electron flow to the 

hydrogenase.   
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Impacts of the research 

The impact of this research goes beyond the direct fold increase for two 

reasons.  First, our results indicate that optimized amounts of S and N in the nutrient 

media are vastly superior to total deprivation of these nutrients for H2 production, 

whereas numerous studies have focused on total S and N deprivation for enhancement 

of H2 production (9, 31, 38, 42, 47, 73, 78).  It is promising that orders of magnitude 

more H2 can be produced by providing some nutrients rather than completely 

depriving cell cultures, because this lends itself well to the goal of prolonged H2 

production where cells must stay alive in order to continue H2 production.  Second, 

amplifying H2 production can aid in the discovery of novel H2 pathways that may 

otherwise produce H2 at levels below the detection limits of measurement devices.  

Identification of these pathways is the crucial first step in maximizing H2 output from 

them.   

The research presented in Chapter 4 takes a step toward optimizing H2 

production from cultures exposed to natural diurnal cycles so that direct solar energy 

can be used.  While it is informative to isolate and examine the mechanisms behind 

various processes in an artificial, laboratory environment, it is more practical to move 

toward eventual application.   

An additional impact of the research of Chapters 3 and 4 is the introduction of 

Q2, an advanced optimization algorithm, to the field of biotechnology.  Q2 was 

introduced and systematically compared to the standard response surface methodology 

(RSM) in Chapter 3 and further validated in Chapter 4.  Q2 has unique benefits over 
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RSM including: 1) Q2 is an algorithm and does not rely on human decision-making, 

2) the memory-based characteristic of Q2 makes better use of the data obtained, and 3) 

an optimum is calculated after each data point, and satisfactory conditions could be 

achieved without having to complete all the sequential experiments outlined for RSM.  

Q2 and RSM can be used in conjunction, since RSM is designed to identify the 

important variables and locate the region containing the optimum, and Q2 is designed 

to perform sequential experiments within that region to yield the most accurate 

optimum.   

 

Future directions 

 Several hurdles must be overcome before the vision of the hydrogen economy 

is realized.   In addition to abiotic hurdles such as storage and transportation (which 

would be minimized if a distributed H2 source such as cyanobacteria were used), there 

is much work to be done in increasing the photosynthetic efficiency and H2 output 

from the photosynthetic microorganisms used.  These organisms are so versatile that 

maximal H2 production could be incorporated into a multifunctional, integrated 

system.  The following steps are a portion of what could be done toward this goal: 

- Determine the energy production potential of photoautotrophic species with 

characteristics amenable to long-term, large-scale culture: robustness, high 

growth rate, salt-tolerance, easy harvest, efficiency at low and high light levels, 

thermal tolerance and/or tolerance to other extreme growth conditions to 

minimize contamination. 
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- Construct complete metabolic networks for chosen species to model pathways 

connecting energy input to each desired output (e.g. hydrogen, lipids, 

carbohydrates, etc.). 

- Explore application-specific configurations such as large-scale bioreactor-

open-pond hybrids and local, distributed small-scale systems such as panels of 

immobilized cells or cells immobilized in windows that release H2, which is 

then fed into an adjacent fuel cell. 

- Optimize environmental conditions for maximum energy output including 

nutrient concentrations, pH, temperature, etc. as well as conditions such as 

bioreactor or panel design/configuration and the presence of other symbiotic 

species.  Optimization will also include exploring multiple bioenergy products 

simultaneously and alternating or balancing conditions of optimal growth with 

conditions of optimal energy output.   

- Establish the optimal system to take fullest advantage of the natural diurnal 

cycles of light availability, ideally maximizing direct utilization of solar energy 

during the day and indirect utilization of solar energy by fermenting stored 

carbohydrates.  Additional energy can be derived from dead cell cultures by 

digesting their biomass. 

- Identify value-added byproducts and uses such as feedstock for the parts of the 

cells not being harvested for energy.   

- Recruit interdisciplinary teams of engineers, scientists, architects, and 

economists to develop the infrastructure for specific applications.  
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- Coordinate with industry to utilize waste products such as flue gas and 

wastewater.  
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