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ABSTRACT 

  

With increasing global populations and demand for energy, greater strain is 

placed on the limited supply of fossil derived fuels, which in turn drives the need for 

development of alternative energy sources.  The discovery of biophotolysis in 

Chlamydomonas reinhardtii and the development of a spectral-selective photosystem I 

activating/photosystem II deactivating light (PSI- light) method provides a promising 

platform for commercial hydrogen production systems.  The PSI- light method allows 

electrons to pass through the photosynthetic electron transport chain while reducing 

radiation available for photosynthetic oxygen evolution that inactivates hydrogenase.  

Exploring the physiology of photohydrogen production using the PSI- light method can 

provide insight on how to optimize conditions for maximum hydrogen production.  

 Through the use of photosynthetic mutant strains of C. reinhardtii, it was possible 

to suppress photosynthetic oxygen evolution further than using photosystem I light alone 

to extend photohydrogen production longevity and total yield.  A preliminary 

investigation of an iterating light treatment revealed that longevity and yield could be 

increased further by providing a period of darkness to allow cells to consume evolved 

oxygen and resynthesize hydrogenase.  Work with these mutants provided understanding 

that a balance of radiation was required to provide electrons to hydrogenase while 

limiting oxygen evolution, and that when no light was provided, fermentation of stored 

starch was the major contributor of electrons to hydrogen production.  
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 To determine the role of starch during hydrogen production, wild type cells were 

exposed to different media and light treatments and monitored for starch consumption 

and hydrogen production.  The results indicated that starch was required for hydrogen 

production in the dark, but for photohydrogen production, starch likely played a minor 

role in contributing electrons to hydrogenase.  The experiments also showed the 

importance of acetate in the medium during the hydrogen production phase to allow any 

significant photohydrogen production.  The role of acetate was further investigated as a 

growth medium constituent that stimulates metabolic activity while reducing 

photosynthetic oxygen evolution when added to cells grown auto- or mixotrophically.  

By exposing cells to CO2 during growth, photohydrogen production was significantly 

increased over cells grown only in the presence of acetate.  
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CHAPTER 1 - INTRODUCTION 

1.1 Global Population and Energy Demand 

 The most recent United Nations report on global population [1] estimated that in 

July of 2013 there were 7.2 billion humans on the planet.  In fact, this massive population 

is rapidly growing, as 82 million people were added to the population annually between 

2005 and 2013.  This astonishing growth leads to the prediction of a global population of 

9.6 billion by the year 2050 and up to 10.9 billion by 2100 [1].  Though these models of 

the predicted global population have traditionally been accurate, even between the last 

two United Nations reports separated by only two years, the estimates of global 

population growth has been revised upward as better data is gathered by international 

governmental agencies as well as individual nations [1, 2].   

 With the ever increasing global population comes the inevitable pressure on the 

resources humans depend on for survival.  Along with food, water, and shelter, energy is 

a resource that is in high demand in developed nations and the demand is rapidly 

increasing in underdeveloped regions of the world [3].  This is a result of the increasing 

populations of underdeveloped nations as well as the increasing size of the economic 

middle class in these regions that desire increased energy for more comfortable living [4].  

As a result, there is increased demand for energy which largely comes from the 

combustion of fossil fuels in the form of coal, oil, and natural gas [3].  These fossil 

resources are finite, and if current rates of use continue, the supply of these fuels will be 

consumed in the coming decades.   
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 To keep up with the energy demands of growing populations, alternatives to fossil 

energy need to be rapidly deployed.  Currently, renewable energy sources such as 

biofuels, solar, wind, geothermal, and hydro power, make up a small fraction ( less than 

10%) of the total energy use across the globe.  Nuclear power, another alternative to 

fossil fuels also remains a small fraction of the global energy landscape (less than 5%), 

though it represents 15% of current electricity generation [3].  Though nuclear energy 

represents a viable alternative to fossil fuels, concerns about the security and safety of 

nuclear material and the disposal of radioactive waste represent challenges that have not 

been completely resolved.  In each case, both renewable energy and nuclear energy are 

the fastest growing global energy sources due to increasing concerns about fossil energy 

supplies and the impact of fossil energy emissions [3].  The use of alternative energy is 

on the rise, but with the concerns with nuclear energy safety, focus should be shifted 

towards making renewable energy more competitive with fossil energy.  

The need for these alternatives serves another purpose, to reduce the 

environmental impact of energy exploration and generation.  Discovery, production, 

refining, and combustion of fossil fuels damages landscapes by clearing forest land for 

drilling, contamination of waters with oil, producing harmful air pollutants, and perhaps 

the most important, the release of carbon dioxide (CO2), a greenhouse gas.  The global 

increase in CO2 concentration caused by human combustion of fossil fuels, has been 

linked by numerous reports to climate change that has already increased the average 

global temperature, and will continue to increase in the coming decades [5].  Along with 

increasing global temperatures, climate change threatens to throw ecosystems out of 
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balance, alter biomes, and cause changes in major weather events such as hurricanes and 

drought [6].  The combined effect of environmental degradation and dwindling supply of 

fossil fuels has pushed research toward the development of alternative energy sources.  

While many physical (wind, solar, hydro) and biological (ethanol, hydrogen, 

methane) alternative energy sources exist, they have difficulty competing with fossil fuels 

due to expensive materials or production costs, and limited infrastructure for widespread 

use, requiring large investments into alternative energy projects [7, 8].  These limitations 

have not prevented expanded production and use of two major biofuels, bioethanol and 

biodiesel.  These fuels are produced by fermenting sugar or starch crops such as 

Saccharum sp. (sugarcane) or Zea mays (corn) for bioethanol, and lipid extraction and 

conversion of oil crops such as Brassica napus (canola) for biodiesel production [9].  

Bioethanol and biodiesel represent attractive alternatives to fossil fuels because they are 

renewable resources, since they are crop plants that can be grown year after year, 

compared to fossil energy sources that are finite.  They can also be carbon neutral (or 

near neutral, due to processing and transportation emissions) because as the plants grow 

they remove CO2 from the air, which is then released when the fuel is combusted, 

contributing zero net CO2 to the atmosphere, compared to fossil energy that releases 

previously stored carbon into the atmosphere that would otherwise be locked 

underground [10].  These two biofuels in particular are desirable for their ability to be 

used in current infrastructure for transportation and heating systems where liquid fuels 

are the most common [11]. Bioethanol and biodiesel can be integrated into transportation 

and heating systems where gasoline and heating oil have been traditionally used, either 
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by replacement, or by the production of blends with their respective fossil derived fuel 

[12]. 

Though biofuels have many sought-after characteristics for fuels of the future, 

because the two major biofuels are made from crops that humans use for food, a difficult 

decision must be made between producing food or fuel.  With food security an increasing 

concern with a rising human population, focus has shifted to non-food crop sources of 

bioethanol and biodiesel, though the challenge then becomes one of planting fuel crops 

on land that could be used to grow food crops, further complicating the issue [8].  From 

this discussion, it is clear that a mix of many different forms of alternative energy sources 

will be required to meet demand without reducing food supplies, as no single fuel will 

replace all of the current energy demand.  In addition, diversity in forms of energy is 

necessary for different applications, such as electricity for lighting and electronic devices 

or a liquid combustible fuel to power jet turbines for transportaiton.  This need for a mix 

of energy sources is what drives the need to explore different biofuels to take some of the 

pressure off of bioethanol and biodiesel.  Hydrogen is a perfect example of a viable 

energy carrier that can be renewably produced, without competing for land with food 

crops, and be used in a variety of ways as a biofuel. 

 

1.2 Hydrogen Demand and Uses 

 Hydrogen has a high value as an energy carrier, but there are many other 

applications in agriculture, industry, and scientific study that make hydrogen of particular 
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research interest.  As of 2004, the United States (US) produced 9 megatons of hydrogen 

annually, with demand expected to increase to 150 megatons annually by 2040 [13].  

Currently, around 99% of the hydrogen produced in the US is used to produce ammonia, 

refine petroleum products, and for agricultural and industrial uses [14].   

 Industrial use of hydrogen comes in many forms, minor applications of hydrogen 

include use as a liquid coolant for manufacturing and scientific instrumentation, while the 

largest use is in the production of ammonia via high temperature and pressure reactions 

of nitrogen and hydrogen gasses of the Haber-Bosch process.   This process consumes up 

to 50% of the global supply of hydrogen while consuming large amounts of fossil fuels to 

reach the temperature and pressure conditions needed [15] .  Once formed, ammonia can 

be reformulated into any number of chemical fertilizers to increase crop production from 

agricultural fields.  As human populations grow, the demand for nitrogen fertilizers, and 

in turn fossil fuels and hydrogen, will also grow, to increase crop production to meet 

future food demands.  As fossil fuel supplies become limited, nitrogen fertilizers will 

need to be replaced with renewable sources of nitrogen, such as field supplementation 

with nitrogen fixing bacteria and crop rotations with plants that have the microbial 

associations to fix their own nitrogen [16].  A shift in the use of hydrogen away from 

ammonia production may allow a transition for hydrogen to a primary fuel source.  

 Another industrial use for hydrogen is in the refining of petroleum products.  

Hydrogen can be used to remove nitrogen and sulfur contaminants from crude oil as well 

as refining crude oil into lighter, more hydrogen dense products such as gasoline [15].  
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With the increased global demand for refined petroleum products, the demand for 

hydrogen will also continue to rise.  As the supply for these products becomes more 

limited, there will be a greater ability to transfer towards hydrogen as a transportation 

fuel.  Currently, the only significant transportation use of hydrogen rests with space 

agencies as a rocket fuel, though much of the predicted demand for hydrogen by 2040 is 

due the increased use of fuel cell vehicles, allowing hydrogen to become a conventional 

transportation fuel [11,13].  

 Fuel cells use the controlled reaction of hydrogen and oxygen gas to produce 

water and electricity. When used in transportation vehicles, fuel cells can reach 50-60% 

efficiency, compared to 20-38% efficiency in vehicles powered by an internal 

combustion engine [17].  Combine the increased energy efficiency with zero pollutant 

and CO2 emissions, and the prospect of hydrogen fuel cell transportation seems very 

attractive.  Hydrogen can also be efficiently combusted in conventional internal 

combustion engines with slight modifications that can increase the efficiency of the 

engine by 25% [13].  It is also important to note that transportation accounts for around 

18% of the total global energy consumption[17], and by using hydrogen to replace 

petroleum products for transportation uses, there is an opportunity to decrease the strain 

on a dwindling supply of petroleum so that it can be used for other applications, all while 

decreasing harmful pollution and CO2 emissions.  The potential for hydrogen as a 

transportation fuel is an attractive idea, but replacing petroleum with hydrogen will 

require a massive increase in hydrogen production.  To meet this demand, new sources of 

hydrogen production will need to be developed. 
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1.3 Hydrogen Production Processes 

It is important to note that hydrogen is not a direct fuel source.  It can be 

combusted or reacted to release energy, but it must first be chemically converted into 

hydrogen gas (H2) from a source, such as water or hydrocarbons, as no natural hydrogen 

gas reservoirs exist [11, 14].  There are a number of methods currently in use to produce 

hydrogen in significant quantities, including; steam reforming of natural gas, 

thermochemical methods, electrolysis, and biological production.  Each method will be 

discussed in the following chapters. 

Steam reforming of natural gas is the largest contributor to the global production 

of hydrogen gas, accounting for 98% of the total.  This method introduces natural gas 

(methane) and steam into a vessel at high temperatures converting them to hydrogen gas 

and CO2 with 65-85% energy conversion efficiency [17].  Though this method is efficient 

and can vastly increase supply, it requires the use of fossil energy to produce the heat and 

the raw material methane for hydrogen production with the added effect of releasing CO2.  

Since the idea behind transitioning to hydrogen as an energy source is to replace fossil 

fuels and reduce CO2 emissions, alternative methods for hydrogen production that do not 

rely on fossil fuels are desired. 

Thermochemical methods for hydrogen production have the advantage of only 

using water as a reactant rather than fossil fuels.  Water heated to extremely high 

temperatures (500-3000°C) produced by nuclear power facilities and solar concentrators, 
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in the presence of a chemical catalyst can be split to produce hydrogen with a 40% 

energy conversion efficiency.  Research into new catalysts and techniques for separating 

the hydrogen that is produced are currently under investigation, making this method not 

yet commercially available [12, 14].  Thermochemical methods deliver hydrogen without 

the need for fossil fuel input, but have not yet been developed to the point where they 

could be a reliable source for production and will require more time and investment to 

begin hydrogen production on a large scale.   

 Electrolysis is a reliable hydrogen production method that only requires water and 

electricity.  By sending an electrical current between two electrodes in water, the water 

can be split to form hydrogen and oxygen with an efficiency of 40-60% [12, 14].  

Electrolysis is a widely used method that can be considered both renewable and carbon 

neutral depending on the type of energy that was used to produce the electricity. Though, 

if the electricity is produced from a fossil fuel source, it defeats the purpose of 

transitioning to hydrogen for energy as CO2 and other harmful emissions are still 

produced.  The use of electrolysis holds great promise as more environmentally friendly 

sources of electricity, solar photovoltaic panels and wind turbines for example, are 

increasingly installed [3], providing electricity without the environmental impacts of 

fossil sources.   

By producing clean electricity from renewable resources, the resulting hydrogen 

production by electrolysis is carbon free and environmentally friendly.  There are recent 

research efforts that have taken electrolysis one step further, reducing it to a small silicon 
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photovoltaic chip that can be submerged in water and illuminated with solar radiation to 

catalytically evolve hydrogen and oxygen gas.  This device, known as the “artificial leaf” 

shows the promise of emerging technology of clean hydrogen production [18].  Though 

there is promise, renewable electricity sources remain a small fraction of electrical 

generation and new technology like this requires more investigation and years of 

investment to be truly practical. Thus, large scale production of hydrogen through clean 

electrolysis remains a future prospect.  

 Biological methods of hydrogen production have become popular as questions 

about the effect of fossil fuels on the climate and environment mount.  The most basic of 

methods is biomass gasification, using mostly waste biomass from plant and animal 

agricultural operations and heating it to high temperatures without combustion to release 

hydrogen gas as well as CO2 and carbon monoxide.  This process has a reported 73% 

hydrogen production efficiency, making it one of the most efficient biological hydrogen 

production methods while still relying on a renewable feedstock which happens to be a 

waste stream, potentially reducing production costs as the raw materials are abundant and 

inexpensive or free [17].  While this process is not ideal because of the release of carbon 

compounds, the carbon released was previously fixed by photosynthesis into the biomass 

being utilized, making this system effectively carbon neutral. 

 An alternative biological production method involves using living organisms to 

produce hydrogen, rather than the decaying biomass.  Many organisms have hydrogen 

production pathways that can be either a direct process that generates hydrogen 
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specifically, or indirect, producing hydrogen as a byproduct of another metabolic process.  

Fermentation of organic substrates by non-photosynthetic bacterial cells represents an 

indirect method, producing hydrogen as a byproduct of glucose catabolism in an 

anaerobic environment.  This process is favorable due to the high rate of hydrogen 

production, though it suffers from a generally low total hydrogen yield, as well as the 

dependence of these organisms on an external substrate like glucose, which needs to be 

harvested from other photosynthetic organisms, like sugarcane [19].  Cyanobacteria, on 

the other hand, have the advantage over non-photosynthetic bacteria by producing their 

own substrates that can be used for hydrogen production, though this is also done via an 

indirect pathway.  Cyanobacteria generate hydrogen as a byproduct of nitrogen fixation 

by the nitrogenase enzyme.  Nitrogenase functions to fix atmospheric nitrogen gas into 

ammonia so that it can be used for biological processes.  The reaction requires large 

amounts of energy in the form of adenosine triphosphate (ATP) to be consumed to break 

the nitrogen triple bond [20].  During this process, hydrogen gas is released as a 

byproduct which has the benefit of being generated by the energy storage compounds 

within the cyanobacterium itself, rather than an exogenous supply of organic compounds.  

The drawback to the nitrogenase system is in the vast amount of energy required for 

nitrogen conversion and as a result, hydrogen production, decreasing the overall 

efficiency of producing hydrogen this way [19].  The most promising biological method 

is the use of green algal hydrogen production via the hydrogenase enzyme pathway that 

has become a research focus over the last 15 years. 
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1.4 Green Algal Hydrogen Production 

1.4.1 History and Mechanism of Green Algal Hydrogen Production 

 Evidence for hydrogen metabolism in green algae was first reported by Hans 

Gaffron [21].  His research showed that when a cell suspension of the green alga 

Scenedesmus sp. was kept in the dark under a hydrogen and CO2 atmosphere, once the 

oxygen had been consumed by respiration, the cells began to uptake hydrogen for a 

certain period of time.  Once the uptake of hydrogen stopped, he then illuminated the 

cells and noticed that hydrogen was once again being absorbed.  He concluded from 

further work that this system was similar to the reduction of CO2 coupled to hydrogen 

oxidation that occurs in purple bacteria [21].  This work suggested there was a metabolic 

pathway that used hydrogen as a substrate in this green alga for the first time. 

 Hans Gaffron and Jack Rubin [22] continued the work with Scenedesmus to find 

that when the cells were placed in darkness and in a nitrogen atmosphere, they slowly 

evolved hydrogen similar to hydrogen metabolizing bacteria.  Again, they illuminated the 

cell suspension and recorded an increase in hydrogen evolution, up to 10 times greater 

than what was observed in darkness, which was proportional to the increasing intensity of 

the radiation.  Gaffron and Rubin determined that the hydrogen production in the dark 

was likely dependent upon an endogenous substrate, as dark hydrogen production was 

increased by the addition of exogenous glucose, though not proportionally.  By using 

dinitrophenol as a metabolic poison that eliminates the proton gradient used to produce 
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ATP in mitochondria, they were able to inhibit dark hydrogen production, though 

photoproduction was unaffected.  This result suggested again that hydrogen production in 

the dark was a product of endogenous substrate breakdown, while hydrogen production 

in the light was likely due in part to the photochemical oxidation of water in photosystem 

II (PSII), since the observed photohydrogen production increased with increasing light 

intensity [22]. 

 The light induced nature of hydrogen production indicates the involvement of the 

photosynthetic apparatus that is found in all green algae and will be reviewed.  Under 

normal aerobic conditions with illumination, photosynthesis occurs in green algae just as 

it does in land plants, using the energy of captured solar radiation to assimilate CO2 into 

energy storage molecules like glucose.  Electrons are generated from the photo-oxidation 

of water at PSII using the energy of captured light to drive the oxidation and to excite the 

stripped electrons to a high energy state which can then be passed into the plastoquinone 

pool.  The plastoquinone pool represents a series of electron carriers that accept and 

donate electrons in a chain losing small amounts of energy with each transfer and using 

this energy to transport protons across the thylakoid membrane within the chloroplast, 

developing a proton potential.  Electrons are passed from the plastoquinone pool to 

photosystem I, where more harvested light energy excites the electrons to a high energy 

state to then be transferred to ferredoxin, another electron carrier.  Ferredoxin then 

donates those high energy electrons to nicotinamide adenine dinucleotide phosphate 

(NADP) reductase, an enzyme that transfers high energy electrons to NADP+ (oxidized) 

to produce NADPH (reduced), a high energy electron carrier that serves as energy 
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currency within the cell for biochemical reactions.  While these reducing equivalents are 

being produced from high energy electrons, the proton gradient that has been generated 

by the photosynthetic electron transport chain is used by ATP synthase to generate ATP, 

the major energy currency of the cell.  The process, called photophosphorylation, occurs 

as the enzyme allows protons to move down the concentration gradient built up across the 

thylakoid membrane and the energy of this movement powers the formation of the high 

energy phosphate bond contained in ATP as shown in Figure 1 [23].  All of these high 

energy molecules produced during the light dependent reactions of photosynthesis are 

used in the cell to perform biochemical reactions that require energy.  These reactions are 

similar to those happening during photohydrogen production, and are important to 

understand before discussing the mechanism of photohydrogen production in green algae.  
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Figure 1. Schematic diagram of the light dependent reactions of photosynthesis adapted 

from [24].  P680, photosystem II reaction center; PSII, photosystem II; P700, 

photosystem I reaction center; PSI, photosystem I; NADP(H), nicotinamide adenine 

dinucleotide phosphate; ATP, adenosine triphosphate. 

 

 In a continuation of the work with hydrogen producing green algae, it had been 

discovered that a number of genera including Chlamydomonas sp. [25], Scenedesmus sp., 

Ankistrodesmus sp, and Chlorella sp. all contained hydrogen metabolism pathways [26].  

Eventually, a proposed hydrogen production pathway in these algae was developed 

(Figure 2) by experimenting with metabolic inhibitors and with mutant cell lines with 

photosynthetic apparatus deficiencies.  By treating cells with Cl-CCP (Carbonyl cyanide 

m-chlorophenyl hydrazone), a strong metabolic poison that inhibits oxidative 

phosphorylation via ATP-synthase, it was determined that photophosphorylation was not 

required for photohydrogen production.  During these experiments a Scenedusmus mutant 

unable to photoproduce oxygen was observed, which was still able to photoproduce 

hydrogen.  During this experiment, another mutant lacking functional photosystem I 

(PSI), was discovered to be limited in photohydrogen production.  The conclusion was 

drawn from these observations that hydrogen photoproduction was not dependent upon 

the oxygen evolving action of photosystem II (PSII), but that PSI was required [27].  The 

end result was a model showing that photohydrogen production was a reaction of non-

cyclic electron flow from endogenous substrate breakdown producing the reduced 
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electron carrier NADPH transferring electrons to the plastoquinone pool between the two 

photosystems.  Electrons would then be passed through the photosynthetic electron 

transport chain, then channeled though PSI to ferredoxin using light energy as a driving 

force, and eventually being transferred to hydrogenase, which reduces protons to form 

hydrogen gas[25,28].  Further work with DCMU (3-(3,4-dichlorophenyl)-1,1-

dimethylurea), a potent inhibitor of electron transfer between photosystem II (PSII) and 

plastoquinone, demonstrated that while the water-splitting reactions of PSII were not 

required for photoproduction of hydrogen, the electrons released from the reaction could 

significantly contribute to the hydrogen production process [26].  The revised model now 

shows the same path of electrons flowing through the electron transport chain, but with 

contributions of both endogenous substrate breakdown and PSII water oxidation (Figure 

3).   
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Figure 2.  Electron flow through the photosynthetic electron transport chain during 

regular photosynthesis showing the location of the hydrogenase enzyme and the 

mechanism of photohydrogen production, adapted from [26].  Mn, oxygen evolving 

complex; PSII, photosystem II; PQ, plastoquinone; PSI, photosystem I; NADP Red-ase, 

nicotinamide adenine dinucleotide phosphate reductase; Fd, ferredoxin; H2-ase, 

hydrogenase. 
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Figure 3. Hydrogenase-related electron transport pathways in green algae. Electrons may 

originate either at PSII upon photo-oxidation of water, or at the plastoquinone pool upon 

oxidation of cellular endogenous substrate (e.g. via glycolysis and the tricarboxylic acid 

cycle).  Electrons in the electron transport chain are transported via PSI to ferredoxin, 

which serves as the physiological electron donor to the Fe hydrogenase.  P680, Reaction 

center of PSII; P700, reaction center of PSI; Q, primary electron acceptor of PS II; A, 

primary electron acceptor of PSI; PQ, plastoquinone; Cyt, cytochrome; PC, plastocyanin; 

Fd, ferredoxin; Red, NAD(P)H oxido-reductase; H2ase, hydrogenase; FNR, ferredoxin-

NADP+ reductase, used with permission [29]. 
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1.4.2 Electron Sources for Photohydrogen Production 

Though insight into the general mechanism of photoproduction of hydrogen was 

developed, the contribution of endogenous substrates, PSI, and PSII varied with different 

green algal species.  There were also differences in the contribution of PSII depending 

upon the method in which they were grown, either heterotrophically with an exogenous 

organic carbon source, or autotrophically, with only CO2 as an inorganic carbon source 

[26].  Continued work by Gfeller and Gibbs with the green alga Chlamydomonas 

reinhardtii attempted to decipher the source of electrons for hydrogen photoproduction 

by again using metabolic inhibitors and monitoring the fermentative products of starch 

breakdown associated with hydrogen production in the dark and in the light.   

In the dark, formate, acetate and ethanol are produced in a 2:1:1 ratio as a result of 

fermentative starch degradation, and only trace amounts of CO2, where the reduced 

electron carriers NAD(P)H produced by glycolysis serve as electron donors to either the 

plastoquinone pool for hydrogen production or to the fermentative conversion of 

pyruvate to formate, acetate, or ethanol.  The competition between hydrogenase and 

fermentative products for reducing equivalents results in relatively low hydrogen 

production in the dark.  In the light, there was a general decrease in starch degradation 

rate when compared to darkness as well as a 50% decline in the production of formate, no 

formation of acetate, and trace amounts of ethanol produced by the breakdown of starch, 

along with a 16-fold increase in hydrogen production and a large increase in CO2 

production compared to the values measured in the dark.  It is suggested that in the light, 

the breakdown of starch is partially fermentative but is also oxidative, using the 
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photosynthetically evolved oxygen to activate the tricarboxylic acid (TCA) cycle, 

generating CO2 from pyruvate rather than ethanol and acetate, allowing the NAD(P)H 

produced from glycolysis and electrons from water-splitting to be consumed by 

hydrogenase for vastly increased hydrogen production [30]. This work drew similar 

conclusions to those of Stuart and Gaffron, that there was a contribution of electrons to 

photo-hydrogen production from both substrate breakdown and photochemical water-

splitting, though water-splitting seems to be the major contributor [26]. 

The suggestion that the oxidative carbon metabolism was involved in 

photohydrogen production in C. reinhardtii was confirmed by experiments with acetate, 

MFA (monofluoroacetic acid), and DCMU, and their effect on photohydrogen 

production.  MFA disrupts both the TCA cycle and the glyoxylate cycle by irreversibly 

binding to aconitase, an enzyme necessary for both pathways to operate.  In this 

experiment, acetate addition alone to cell suspensions more than tripled the output of 

hydrogen while cells were anaerobic and illuminated, suggesting a link between acetate 

metabolism and photohydrogen production.  In addition, the molar ratios of hydrogen and 

CO2 produced under these conditions demonstrated that both the TCA and glyoxylate 

cycles were functioning in acetate assimilation.  Addition of MFA or DCMU to cell 

cultures with access to acetate limited both photohydrogen production and acetate uptake 

from the culture medium with DCMU being the more pronounced inhibitor [31].  This 

collection of data presents the idea that not only fermentative degradation of starch and 

photosynthetic water-splitting reactions provide electrons for photohydrogen production.  

There is evidence that oxidative acetate metabolism is occurring through both the TCA 
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and glyoxylate cycles to provide electrons in the form of reducing equivalents to 

photohydrogen production as shown in Figure 3.  

It is important to note at this time, a key discovery in the function of the 

hydrogenase enzyme present in Scenedusmus, and as it turns out, in many green algal 

species. Gaffron found that oxygen had to be kept below a critical concentration or 

hydrogenase function would cease and neither hydrogen consumption nor production 

would continue [21].  Further research has shown that oxygen is a potent irreversible 

inhibitor of hydrogenase function by binding to and rapidly inactivating the enzyme.  To 

resume a functional hydrogen metabolic pathway, de novo synthesis of the hydrogenase 

enzyme is required [32].  The inactivation of hydrogenase function by oxygen becomes a 

central theme for hydrogen production experiments in many different green algal species 

as it is necessary to limit oxygen production to allow continuous hydrogen production.  

 

1.4.3 Chlamydomonas reinhardtii 

 Recent work on green algal hydrogen production has focused almost entirely on 

one organism, Chlamydomonas reinhardtii.  C. reinhardtii is a flagellated, single celled, 

soil and freshwater green alga that has become a model organism for the study of 

photosynthesis in both algae and land plants.  Its ability to grow in darkness on an 

organic carbon medium without losing its photosynthetic capability has driven the use C. 

reinhardtii to discover photosynthetic processes and mechanisms [33].  The wide ranging 

applications of studying C. reinhardtii were pushed to new heights when the genome was 
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sequenced and published in 2007 which found many genes and gene families for 

photosynthetic and plastid function analogous to those in land plants [34].  Based on the 

laboratory use and adaptability of C. reinhardtii, numerous mutant strains have been 

derived and kept in culture collections allowing researchers easy access to specific 

mutants for their own research aims, some of which have been used in this work.  The 

intensive study of photosynthesis in C. reinhardtii, and the discovery of its ability to 

produce hydrogen have made this organism one of the most intensively studied as a 

biological production system for hydrogen as a renewable energy source [33].  In 

addition, a specific method for hydrogen production via sulfur deprivation provided 

substantial progress toward the promise of large scale hydrogen production from green 

algae by demonstrating the largest yield of hydrogen produced by any green algae species 

[35].  Extensive studies with 21 other green algae species across 5 genera under the sulfur 

deprivation method have shown that other species of Chlamydomonas, C. noctigama and 

C. euryale, only produced a fraction of the amount of hydrogen (approximately 50% and 

15%, respectively) of C. reinhardtii [36].  This study helped to solidify C. reinhardtii as 

the green algal species most capable of feasible, large scale biological hydrogen 

production.  

  

1.4.4 Major Green Algal Production Techniques  

 With the discovery of the hydrogen production pathway in C. reinhardtii and its 

adaptability for manipulation and growth in the laboratory, the promise of its 
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biotechnological use drove research toward developing techniques to sustainably produce 

hydrogen.  A number of methods have been demonstrated with varying levels of success, 

including dark fermentation, biophotolysis, and sulfur deprivation. 

  

1.4.4.1 Dark Fermentation 

Dark fermentation is a simple process designed to generate hydrogen without the 

need for complicated processes or equipment.  The basic premise is to grow C. 

reinhardtii in an open pond or bioreactor (a closed system where environmental 

conditions can be carefully controlled) under solar radiation to generate carbohydrates 

and other energy storage compounds, and then transfer these cells to darkness to consume 

oxygen.  Once the oxygen is consumed, hydrogenase can be synthesized and the 

fermentation of endogenous energy compounds would provide electrons to generate 

hydrogen.  This has already been demonstrated by some of the first experiments of 

Gaffron and Rubin, mentioned earlier [22], and was done repeatedly to demonstrate a 

possible commercial system [37].  The simple process benefits from an environment free 

of hydrogenase inhibiting oxygen, though it suffers from both a slow rate of hydrogen 

production, as well as a relatively low yield due to incomplete conversion of 

carbohydrates, to hydrogen when attempting experiments for mass production.  The 

problem is that C. reinhardtii cells ferment carbohydrates, mostly starch,  to allow 

continued production of  ATP through glycolysis to survive anaerobic conditions, not to 

generate hydrogen efficiently [20].   
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1.4.4.2 Biophotolysis 

Biophotolysis can be used for the mass production of hydrogen from C. 

reinhardtii by illuminating previously dark adapted cells to enhance hydrogen 

production, increasing yield by up to 10 times as demonstrated by the experiments 

performed by Gaffron and Rubin [22].  This method can be adapted by growing cells in 

the light to allow starch accumulation followed by a brief dark adaptation period and 

subsequent illuminated hydrogen production phase.  The initial growth allows 

photosynthetic starch production and cell growth before dark adaptation where the cells 

consume oxygen in the growth medium and transfer to anaerobic conditions.  Anoxia 

triggers the synthesis of hydrogenase, which can then be initially fed electrons from 

starch fermentation.  Illumination of dark adapted cells allows photosynthetic water-

splitting to generate electrons to hydrogen production [38].  While photosynthetic water- 

splitting provides electrons to hydrogenase, it simultaneously evolves oxygen, which 

inactivates hydrogenase, limiting the total yield and leaving this method not suitable for 

mass production or commercial viability.   

  

1.4.4.3 Sulfur Deprivation 

The discovery that prolonged nutrient deprivation of C. reinhardtii cells reduced 

the activity of PSII seemed to be the answer for the problem of photosynthetic oxygen 

evolution during photo-hydrogen production.  Wykoff et al. [39]observed that after four 
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days of phosphorus or one day of sulfur starvation, C. reinhardtiii cells showed a 75% 

decrease in photosynthetic oxygen evolution as a result of inhibited PSII electron 

transport without any reduction in PSI activity [39].  Melis et al. [35] adapted this 

technique to develop a sulfur deprivation method which uses the removal of inorganic 

sulfur from the cell culture medium to reduce the activity of PSII in C. reinhardtii cells to 

decrease photosynthetically evolved oxygen.  The cell culture is suspended in a sulfur 

free medium, sealed, and continuously illuminated.  These conditions decrease oxygen 

generating water-splitting by reducing the turnover rate of the D1 protein, a structural 

PSII complex protein.  Normally the D1 protein is rapidly resynthesized, which requires 

sulfur containing amino acids, as it becomes damaged by photon capture by PSII.  In the 

case of sulfur deprivation the lack of sulfur containing amino acids reduces the ability of 

the D1 protein to be synthesized, which leads to PSII instability and degradation.  This 

process reduces the oxygen evolution of PSII to a level below respiratory oxygen 

consumption, leading to anaerobic conditions in the cell culture.  Once anaerobic 

conditions are established, the hydrogenase pathway can be induced without the need for 

dark adaptation.  Compared to dark fermentation or short term biophotolysis, vastly 

increased yields of hydrogen could be produced for up to 40 hours after a 40 hour lag 

phase required for oxygen consumption and hydrogenase synthesis [28, 29].   

It was noted in these experiments that during the oxygen consumption phase, 

around 50% of the provided acetate was consumed to allow the culture to reach anaerobic 

conditions by providing an exogenous substrate for respiratory oxygen consumption.  

This observation was supported by the finding of dependence on the TCA cycle, the 
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glyoxylate cycle, or a combination of the two for hydrogen production as mentioned 

earlier [31].  In addition, during the hydrogen production period, around 25% of the 

starch and 50% of the protein content of the cells was consumed.  The authors point to 

the hydrogen yield as being too large to have been solely a product of electrons from 

starch degradation, and propose that the amount of protein consumed could have 

provided the necessary electron density to produce the amount of hydrogen observed 

[35].  This represents an alternative to the once dominant theory of the source of electrons 

for photohydrogen production as being primarily derived from the catabolism of 

endogenous starch, and a secondary source of electrons generated by the photosynthetic 

splitting of water from the residual activity of PSII in sulfur deprived cells [40]. 

The use of the sulfur deprivation method represented a large step forward in terms 

of the potential for mass green algal hydrogen production systems.  Though this method 

demonstrates the ability for green algal hydrogen production, it still requires extens ive 

washing and centrifugation steps to remove the cells from sulfur containing media, which 

are both laborious and energetically expensive.  During the washing and centrifugation 

steps, opportunities for contamination with microbes arise that can interfere with the 

growth of the algae and with the hydrogen production process.  In terms of a commercial 

setting, contamination represents a serious problem that would likely require system 

shutdown and resultant downtime to clean and reestablish pure cell cultures.  Both energy 

input into sulfur removal steps, and contamination of cell cultures with other 

microorganisms represent significant financial costs in terms of energy used, and reduced 

productivity of the system, respectively.  In addition, because cells are exposed to sulfur 
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deprived, stressful conditions, the growth rate of the culture essentially ceases.  By 

limiting the growth rate, the spent biomass after hydrogen production is limited, which 

reduces the ability of that biomass to be used for other purposes than hydrogen 

production.  In order to develop large scale hydrogen production systems from green 

algae, costs must be greatly reduced and simplicity introduced to these systems [41]. 

Further work with sulfur deprived cultures of C. reinhardtii has shown that by 

using engineering principles to design and optimize the culture conditions, greater 

hydrogen production was possible with reduced costs based on transferring cells to sulfur 

free media.  Federov et al. [42] were able to increase the original 40 hours of hydrogen 

production observed by Melis et al. [35] to over 4000 hours of continuous hydrogen 

production.  This was achieved by growing C. reinhardtii in a carefully controlled two-

step photobioreactor series under sulfur limiting conditions.  Once the cells had 

consumed the limited sulfur they were transferred to a second reactor for hydrogen 

production under sulfur free conditions.  Through careful monitoring and re-addition of 

small concentrations of sulfur, hydrogen production was sustained for 4000 hours [42].   

Optimization allowed for more simple operation of a green algal hydrogen 

production system using sulfur deprivation, though the cells suffer extremely low growth 

rates, which diminishes the utility of coupling hydrogen production with other uses for 

the algal biomass.  Utilization of the algal biomass for specialty chemical extraction 

(pigments, lipids) or for animal or fish feed will be necessary to allow the production of 

hydrogen as a fuel to become economically feasible [8].  In order to increase the ability 
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of this type of biofuel production to meet a massive demand for energy, a simple, 

sustained, low cost, and non-growth inhibiting method for hydrogen production will be 

required before commercial success can be achieved. 

 

1.4.5 Novel Method Development and Proof of Concept 

 An alternative method to sulfur deprivation for sustained photohydrogen 

production was developed by Hoshino et al. [43] based on spectral selective radiation 

provided to cultures of C. reinhardtii.  The method provides specific wavelengths of light 

to selectively activate PSI while limiting the radiation available to PSII, resulting in 

partial deactivation of the oxygen generating activity of PSII water-splitting.  In C. 

reinhardtii, the PSI reaction center absorbs light maximally at a wavelength of 

approximately 680 nm, while the PSII reaction center absorbs light maximally at a 

wavelength of approximately 670 nm [44].  The difference in the two photosystems 

action spectra can be exploited to provide radiation to one photosystem selectively.  

Using a number of red light treatments with various optical filters, an optimized light 

treatment with a peak wavelength of 692 nm was generated by using red LEDs (light 

emitting diode) and a bandpass filter to narrow the spread of the light spectrum in this 

treatment (Red+BPF) to approximately 680-700 nm.  Compared to a white light control 

that activates both PSI and PSII equally, the red light treatments were meant to 

selectively activate PSI only, while providing only a small amount of light that could be 

absorbed by PSII (Figure 4A) [43].   
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The main idea driving the development of this method was to allow sustained 

photohydrogen production by allowing electrons passed to plastoquinone from starch 

breakdown to be driven through PSI to ferredoxin then to hydrogenase by light absorbed 

by PSI while simultaneously reducing the capacity of PSII to split water and generate 

oxygen that would inactivate hydrogenase [43].  The selection of red light treatment 

wavelengths was based on the varying production of both hydrogen and oxygen from 

pulse radiation of different wavelengths of light (Figure 4B).  Oxygen production is 

maximized when provided radiation at approximately 675 nm, while hydrogen 

production is maximized when provided radiation at approximately 685 nm, where 

greater respective wavelengths would reduce the production of each gas [45].  Again, this 

gap could be exploited to maximize hydrogen production while reducing oxygen 

production below the level of mitochondrial respiratory consumption to allow greater 

longevity of hydrogenase function [43]. 

 The experiment compared the initial rate, duration, and the total yield of 

photohydrogen production between two red light treatments and a while light control on 

C. reinhardtii cells that had been dark adapted to generate hydrogenase.  The “Red” 

treatment was an unfiltered red LED array, producing a wide waveband spectrum from 

650-750 nm with a peak at 705 nm, while the “Red+F” treatment used the same red LED 

array and a cutoff filter to limit the light below 695 nm, producing a similar wide 

waveband from 690-750 nm with a peak of 708 nm.  The “White” treatment was 

generated by a cool white fluorescent (CWF) lamp with a waveband covering from 400-

750 nm with multiple peaks (Figure 4A-B).  The results showed that the White treatment 
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had the largest rate of photohydrogen production, followed by the Red treatment, then the 

Red+F treatment with the lowest rate.  In terms of photohydrogen production yield, the 

Red treatment had the greatest hydrogen yield and produced for 14 hours, the White 

treatment had the next largest yield (60% of the Red treatment) but only produced for 3.5 

hours, while the Red+F treatment had the lowest hydrogen yield (32% of the Red 

treatment) but produced for 10 hours [43].  The authors used this data to provide insight 

into the physiology of photohydrogen production and the source of electrons delivered to 

hydrogenase.    
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Figure 4. (A) Spectral distributions across 400–750 nm waveband for different 

treatments, including: (1) White (or Cont-White) treatment with standard CWFs (thick 

solid); (2) Red + F treatment with red LEDs and RG695 long-pass filter (dotted); (3) Red 

with red LEDs (long dashed); and (4) Red + BPF with red LEDs and 690 nm band pass 

filter (solid). (B) Relative spectral distributions in the Red + BPF, the Red, and the Red + 

F treatments superimposed against the relative O2 (line with closed circle) and H2 (dotted 
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line with open circle) evolution-rate curves by Boichenko and Bader [45] over the 660–

720 nm waveband.  Adapted from Hoshino et al. [43]. 

 

 The White treatment showed a high rate of photohydrogen production that was 

rapidly attenuated due to the light activation of PSII water-splitting activity producing 

oxygen.  Though the oxygen produced quickly inactivated hydrogenase, the rapid transfer 

of electrons from water through the photosynthetic electron transport system provided a 

massive influx of electrons to hydrogenase before the enzyme was inactivated.  In 

contrast, the Red+F treatment showed a very low rate of photohydrogen production, but 

the production period lasted for 10 hours.  This demonstrated that the light provided 

energy to PSI to allow some electron flow to hydrogenase while restricting the energy 

available to PSII for oxygenic water-splitting.  The result was a limited rate of hydrogen 

production and yield of hydrogen due to the lack of electrons provided from PSII water-

splitting, but the long duration of production indicated that oxygen production was 

restricted enough to allow sustained hydrogenase function.  The Red treatment showed an 

intermediate rate of photohydrogen production, while the yield and duration of 

production were the highest of all treatments.  The Red treatment provided light 

selectively to PSI, but with the wider waveband that spread to lower wavelengths than the 

Red+F treatment, there was slightly more energy available to PSII for water-splitting 

reactions.  The Red treatment allowed for the specific activation of PSI with a slight 

activation of PSII to provide an increased supply of electrons from water-splitting 

compared to Red+F, allowing greater photohydrogen production ra te and total yield.  The 
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Red treatment also reduced the photosynthetic evolution of oxygen to a level that allowed 

greatly increased hydrogen production duration compared to the other light treatments 

while still generating electrons from water-splitting [43].  

 The data suggested that by providing a light treatment that used lower 

wavelengths than those in the previous red light treatments could potentially increase 

photohydrogen production further.  Using the pulse radiation data, and the data presented 

previously, the authors developed a new red light treatment, “Red+BPF”, produced using 

a red LED array and a band pass filter, one that resitricts the light passed though it to a 

waveband around 690 nm, generating a narrow waveband from 681-701 nm with a peak 

of 692 nm (Figure 4A-B).  When compared to the White control in another set of 

experiments, the Red+BPF treatment produced hydrogen for twice the duration and 

generated between 127-181% of the total hydrogen yield in all experiments [43].  The 

Red+BPF treatment successfully demonstrated a novel method for hydrogen production 

without the need for nutrient starvation while partially optimizing the light conditions to 

maximize photohydrogen production. 

 

1.4.6 Aims of This Study 

 The novel strategy of using spectrally selective radiation activating PSI (PSI-

light) to produce hydrogen from Chlamydomonas reinhardtii represents a simple 

alternative to the dominant use of nutrient deprivation in this species.  By virtue of being 

a novel technique, there is a lack of basic research on the physiology of hydrogen 
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production using PSI- light.  To help develop the PSI-light method into one that could 

eventually be deployed for commercial hydrogen production from green algae, the aim of 

this study was to explore the physiology of hydrogen production in C. reinhardtii with 

the desire to understand potential pathways for increasing the yield of hydrogen.  To 

accomplish this goal, the intention was to investigate the effects of photosynthetic and 

metabolic mutations, the effect of the growth conditions on, and the consumption of 

endogenous starch, and the effect of the carbon source during growth and during the 

photohydrogen production phase on the yield of hydrogen using the PSI- light method. 
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CHAPTER 2 – STUDIES WITH MUTANT CELL LINES 

2.1 Introduction 

Photohydrogen production, or biophotolysis, is catalyzed by the hydrogenase 

enzyme in a number of green algal species [46].  Hydrogenase is synthesized in anaerobic 

conditions and accepts electrons from reduced ferredoxin, then catalyzes the formation of 

hydrogen molecules from protons [35].  Hydrogenase is very sensitive to oxygen and is 

immediately deactivated in the presence of even a small amount [32].  Thus, 

photohydrogen production is rapidly attenuated under illumination due to the immediate 

deactivation of hydrogenase by photosynthetically evolved oxygen [47].  The most 

important factor to establish efficient algal photohydrogen production is to maintain an 

anaerobic environment, and as a result, to sustain hydrogenase activity.  

Among the various green algal species capable of hydrogen production via  

biophotolysis [46], the green alga Chlamydomonas reinhardtii has been the most actively 

studied since the unique hydrogen generation response under nutrient deprivation was 

reported [29]. In addition, the availability of numerous mutant strains as well as access to 

the complete genome sequence [34] have been stimulating the use of C. renihardtii as a 

model organism in recent studies of hydrogen production. 

Due to physiological and environmental optimization of the sulfur deprivation 

method [48], significantly greater hydrogen production via biophotolysis in C. 

renihardtii compared to the traditional methodologies, was achieved for 20–100 hours in 

a single batch [42, 43], and more than 4000 hours in a continuous system [42].  The 

utilization of the sulfur deprivation method represents a large increase in the hydrogen 
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output for a potential large scale green algal hydrogen production system that had 

remained out of reach previously due to low hydrogen yields.  

Despite the significant technological improvements in the last decade, hydrogen 

production via biophotolysis under sulfur deprived growth conditions in C. 

reinhardtii has failed to accomplish commercial success [48].  There are two challenging 

issues that will need to be overcome before commercial success is possible; (1) high 

expense due to complex and laborious operations in harvesting and washing 

processes [51] and (2) the low energy conversion efficiency of less than 1% [19] of the 

energy from the light source converted to hydrogen molecules due to both the use of low 

light intensity and the insufficient inhibition of oxygen generation.  These two issues 

need to be improved to further develop and achieve efficient hydrogen production via 

biophotolysis for potential commercial success.  

For C. reinhardtii, the action spectrum for PSII has its peak at approximately 

670 nm, while the action spectrum for PSI has its peak at approximately 680 nm [44], 

yielding a gap of approximately 10 nm that can be exploited.  If light with a spectral peak 

of 680 nm and with a narrow waveband with only minimal overlap at 670 nm could be 

applied, it would constitute a spectral-selective PSI-activating/PSII-deactivating light (or 

PSI-light).  It is expected that applying PSI-light would suppress the PSII-coupled 

oxygen generation below the rate of mitochondrial oxygen consumption, creating an 

anaerobic cellular environment and, with PSI remaining active, allowing hydrogen 

production to occur by simply manipulating light quality.  Previously reported 

findings [45] supported this hypothesis.  Working with C. reinhardtii cells, the authors 
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found that the photosynthetic oxygen production rate dropped sharply to 40–50% and to 

less than 10% under 690 nm and 700 nm pulse light, respectively, of the maximum rate 

that occurred under 670 nm pulse light.  In contrast, the hydrogen production rate 

remained at more than 80% and at approximately 30% under 690 nm and 700 nm pulse 

light, respectively, of the maximum rate occurred under 680 nm pulse light.  Similarly, 

enhanced hydrogen production was observed under infrared light of 700-720 nm and 

700-750 nm in Chlamydomonas moewusii [25] and Scenedesmus sp [27] respectively. 

With these previous observations and theoretical explanations, the potential 

benefits of PSI- light application for hydrogen production in C. reinhardtii are; (1) lower 

cost and less contamination accomplished by simplified operation with external light 

modulation, (2) improved energy conversion efficiency from the energy input from the 

light source converted to hydrogen due to an increase in the number of photons per unit 

light energy, (3) less oxygen generation, and thus, more sustained hydrogen production, 

(4) capability of applying higher light intensity without causing PSII-coupled oxygen 

generation for greater hydrogen production, and (5) applicability to other species and 

traditional methods. 

Based on these studies, the application of PSI-light with commercially available 

light emitting diodes (LEDs) and an optical filter was previously examined in wild 

type C. reinhardtii (Utex90) [43] as a novel strategy aiming to accomplish simple and 

efficient algal hydrogen production via biophotolysis without chemical/nutritional 

treatments as in the sulfur deprivation method.  The results showed a significant increase 

in total hydrogen yield as well as in production duration under PSI- light compared to that 



52 
 

 

under conventionally used cool white fluorescent light.  However, hydrogen production 

was rapidly attenuated due to residual PSII oxygen production even under PSI- light.  

Though the application of longer wavelength light could further suppress PSII dependent 

oxygen production, the use of a longer wavelength of light than PSI- light is undesirable 

as a simultaneous rapid decline in the potential hydrogen production via biophotolysis is 

expected [45].  One possible solution to further improve hydrogen production via 

biophotolysis using PSI- light, is to use mutant strains which show decreased PSII 

dependent oxygen production.  Since the complete nuclear genome sequence of C. 

reinhardtii was published [34], numerous mutant strains have been developed and 

become available, showing this desired physiology for various research aims.  

In this study, the effects of implementing PSI- light on several mutant strains of C. 

reinhardtii, that are known to show limited oxygen generation [52–55], were 

investigated, aiming to further improve hydrogen production via biophotolysis.  The 

hypothesis was that the implementation of PSI- light on some mutant strains of C. 

reinhardtii would not only yield greater production over time compared to the wild type 

strain, but could also achieve long-term sustainable hydrogen production.  

 

2.2 Materials and Methods 

2.2.1 Cell Growth 

Chlamydomonas reinhardtii wild type mt+ (CC-124) and mutant cell lines derived 

from this wild type were obtained from the Chlamydomonas Center at Duke University 
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in Durham North Carolina.  The four mutant cell lines: BF25 (CC-2890) photosystem II 

deficient, Sta6 (CC-4348) unable to accumulate starch and lacking a cell wall, Cbn 1-48 

(CC-1354) deficient in chlorophyll b, and VHLR-S4 (CC-3723) very high light tolerant.  

Cell line information is shown in Table 1.  Cells were grown photoheterotrophically in 1-

L flat glass bottles containing 800 mL Tris-acetate-phosphate (TAP) medium [56] at pH 

7.0.  The cell suspension was continuously stirred using a 2.5 cm magnetic stirrer at a 

temperature of 25 ± 2⁰C.  A volume of 150-400 mL (depending on cell line) of the 

culture was transferred daily into 500 mL of fresh TAP medium to keep the cells in the 

late exponential growth phase.  This volume transfer was performed at least once per day 

for two days prior to the start of each experiment to allow the cell culture to adapt to the 

growing conditions.  Light was provided at 100 ± 10 µmol m-2 s-1 in photosynthetically 

active radiation (PAR measured over 400-720 nm) on the surface of the flasks for 24 

hours continuously using standard cool white fluorescent tubes (CWFs).  

 

Table 1.  A summary list of Chlamydomonas reinhardtii strains used. 
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2.2.2 Light Treatment 

Three light treatments were tested for each cell line: (1) white light treatment 

(White), where light was provided using standard CWFs at 15.02 W m-2 (400-720 nm); 

(2) a red light treatment (Red) with an optical band pass filter (CWL 690nm Narrow 

Band pass Interference Filter, Edmund Optics Inc., NJ) to pass light from 680-710 nm 

with a peak at 692 nm, where light was provided using red LEDs (Reflective Mirror Type 

LED AOP 1-7005, Alpha-One Electronics LTD., Kanagawa, Japan) at 15.30 W m-2 (89.3 

µmol m-2 s-1); and (3) a no light (Dark) control.  Light treatment, light quality, and 

intensity data are shown in Figure 5.  
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Figure 5. Spectral distribution of light treatments.  Spectral distributions across 400–

750 nm waveband for different treatments, including White treatment with standard 

CWFs (green) and Red treatment with red LEDs and 690 nm band pass filter (red). 

Energy based and quanta based light intensities in W m−2 and μmol m−2 s−1, respectively, 

in each light treatment are shown. 

 

2.2.3 Cell Culture Preparation 

Cell suspensions, between 300-900 mL depending on cell line, were harvested by 

centrifugation at 2000 g for 5 minutes, then cells were re-suspended into 300 mL of TAP 

medium and adjusted to a chlorophyll concentration of 20.35 ± 0.99 mg L-1 (average of 

initial chlorophyll concentration across all experiments explained in section 2.2.5).  90 

mL of the chlorophyll concentration adjusted cell suspension was transferred to a 125-mL 

square glass bottle.  The 125 mL square bottle was then placed in a square plastic housing 

covered in aluminum foil to exclude all light but with one optical opening (size of 4.5 cm 

× 4.5 cm) to allow light for each treatment to reach the cell suspension after the dark 

anaerobic adaptation period.  The optical opening was covered with aluminum foil during 

the dark anaerobic adaptation period.  A total of 3 hours of dark anaerobic adaptation was 

applied prior to the exposure to the light treatment to allow oxygen consumption and 

accumulation of hydrogenase among the treatments prior to photohydrogen production.  

The headspace of the 125-mL square glass bottle was flushed with nitrogen gas for the 

first 30 minutes of the 3 hour dark adaptation period to remove atmospheric oxygen.  Cell 
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suspensions were continuously mixed using 2.5-cm magnetic stirrer at 300 rpm and 

maintained at 25 ± 2⁰C.   

 

2.2.4 Photo-H2 Production 

The three light treatments tested were: (1) White; (2) Red; and (3) no light; Dark, 

as mentioned previously.  For each light treatment, hydrogen concentration in the 27 mL 

head space of 125 mL square glass bottle was monitored by removing 100 µL of gas 

from the headspace with a gas tight syringe (1001 LTN 1.0 mL Syringe, Hamilton 

Company, NV) and injecting the sample into a gas chromatograph (GC-2010 Shimadzu, 

Kyoto, Japan) with a fused silica capillary column (Carboxen 1010 PLOT SUPELCO, 

PA, USA) and a thermal conductivity detector (TCD).   

After removal of the first gas sample for each light treatment (Time 0), the 

aluminum foil covering only the optical opening was removed to allow light for each 

treatment to reach the cell suspension.  Gas from the headspace of each light treatment 

was then sampled in 1.5 hour intervals for 4.5-9.0 hours and analyzed for hydrogen 

concentration.  Hydrogen production was also monitored for longer intervals for some 

mutant cell lines.  Cell suspensions were continuously mixed using 2.5-cm magnetic 

stirrer at 300 rpm and maintained at 25 ± 2⁰C during the experiment.   

In Cbn 1-48, the effect of light treatment iteration was also investigated.  All 

experimental conditions remained the same as previously described except for the light 

cycle.  After the initial 3 hour dark adaptation, a 1.5 hour:1.5 hour light/dark cycle was 

repeated until photohydrogen production attenuated under the Red light treatment.  A 100 
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µL gas sample was taken every 1.5 hours after the end of each light/dark period to 

monitor hydrogen production as previously described.  

For comparison, photohydrogen production under sulfur deprivation was tested 

under the previously stated experimental conditions.  Cells grown in TAP medium were 

harvested by centrifugation at 2000 g for 5 minutes and re-suspended into 950 mL of 

TAP-S medium (TAP constituents with sulfur were replaced with alternate sources 

without sulfur to maintain the concentrations of all other components) at a chlorophyll 

concentration of 22.82 mg L-1 in 1-L flat glass bottle capped with a gas tight rubber 

stopper.  Then the cell suspension was incubated under white light at the light intensity of 

100 ± 10 µmol m-2 s-1 in 400-720 nm with continuous mixing.  A 100 µL gas sample was 

taken periodically to monitor gas composition until significant hydrogen production was 

observed. Subsequently, 90 mL of the cell suspension was transferred to a 125 mL square 

glass bottle under UHP nitrogen atmosphere. Simultaneously, 20 mL of the cell 

suspension was sampled for chlorophyll and biomass analyses.  The 90 mL cell 

suspension was then incubated under White with continuous mixing until photo hydrogen 

production attenuated.  A 100 µL gas sample was taken every 6 hours for the first 12 

hours, then every 12 hours afterwards to monitor photohydrogen production as previously 

described. 

 

2.2.5 Chlorophyll and Biomass 

The total chlorophyll concentration in the cell suspensions was determined in 

ethanol extracts, according to Spreitzer’s method [56].  At the beginning and end of each 
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photohydrogen production phases, two 1-mL cell suspension samples were taken from 

each bottle to analyze the chlorophyll content.  The cell suspension was centrifuged and 

2000 g for 5 minutes and the supernatant discarded and cells we re-suspended in 1 mL of 

a 95% ethanol 5% (v/v) water solution to extract chlorophyll.  The samples were then 

centrifuged again for 5 minutes at 2000 g to remove cell debris, followed by 

spectrophotometric absorbance analysis of the supernatant, specifically at 649 nm and 

665 nm wavelengths.  The initial rates of photo-hydrogen production and the total 

amount of photo-hydrogen production per unit chlorophyll were calculated based on the 

initial chlorophyll concentration measured at the beginning of each experiment.  

 Biomass measurements were performed for each light treatment at the start of the 

experiment (Time 0), and at the end of the hydrogen production measurements (Time 

4.5-9.0).  15 mL samples from each light treatment were centrifuged at 3000 g.  The 

supernatant was discarded and cells were re-suspended in deionized water and filtered 

through pre-weighed 1.6-µm pore size glass fiber filters (Fisherbrand Glass Fiber Filter 

Circles G6).  Filters were dried over night to a constant dry cell weight (DCW), then 

weighed and recorded. 

The standard student’s t-test (independent two-sample t-test) with equal sample 

sizes and equal variance was used to compare treatments at 95% confidence level.  
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2.3 Results 

2.3.1 Effects of Light Quality 

Chlorophyll and biomass based photohydrogen production over time are shown in 

Figures 6 and 7.  In wild type (Figure 6 (A) and Figure 7 (A)), both total hydrogen 

production, and initial hydrogen production rate ( calculated as the amount of hydrogen 

produced during the initial 1.5 hours of illuminated hydrogen production) under Red 

were significantly greater than under White and Dark.  The initial hydrogen production 

rate under Red was 57.9 ± 7.2 µL mg-1 chl 1.5 hour-1 (2160.9 ± 399.8 µL mg-1 DCW 1.5 

hour-1), with 40.7 ± 1.4 µL mg-1 chl 1.5 hour-1 (1512.6 ± 99.1 µL mg-1 DCW 1.5 hour-1) 

under White, 22.8 ± 1.0 µL mg-1 chl 1.5 hour-1 (912.2 ± 32.2 µL mg-1 DCW 1.5 hour-1) 

under Dark.  Total hydrogen production over time was significantly higher under Red and 

Dark with 84.3 ± 19.1 µL mg-1 chl (3146.8 ± 804.5µL mg-1 DCW 1.5 hour-1), and 77.4 ± 

3.6 µL mg-1 chl (3103.8 ± 223.2 µL mg-1 DCW 1.5 hour-1), respectively, compared to that 

under White with 46.2 ± 1.7 µL mg-1 chl (1718.5 ± 180.6 µL mg-1 DCW 1.5 hour-1).  

Hydrogen production lasted 3 and 1.5 hours under Red and White, respectively, and there 

was no significant hydrogen production observed afterward. Hydrogen production lasted 

at least 6 hours under Dark. 

In Sta6 (Figure 6 (B) and Figure 7 (B)), there was no significant difference in 

either initial hydrogen production rate or the total hydrogen production values over time 

between Red and White.  The initial production rate and total hydrogen production values 

were 32.9 ± 6.9 µL mg-1 chl 1.5 hour-1 (1578.4 ± 239.9 µL mg-1 DCW 1.5 hour-1) and 

38.5 ± 6.1 µL mg-1 chl 1.5 hour-1 (2024.1 ± 382.4 µL mg-1 DCW 1.5 hour-1), respectively.  
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Hydrogen production lasted 1.5 and 3 hours under Red and White, respectively, and no 

significant hydrogen production was observed afterward.  There was no significant 

hydrogen production observed under Dark throughout the experimental period.  

In BF25 (Figure 6 (C) and Figure 7 (C)), there was no significant difference in 

either initial hydrogen production rate or the total hydrogen production values over time 

between Red and White. The initial production rate and total hydrogen production values 

were 10.5 ± 5.7 µL mg-1 chl 1.5 hour-1 (260.0 ± 166.8 µL mg-1 DCW 1.5 hour-1) and 10.6 

± 13.0 µL mg-1 chl 1.5 hour-1 (280.7 ± 382.5 µL mg-1 DCW 1.5 hour-1), respectively.  

Hydrogen production lasted 1.5 hours under both Red and White, and no significant 

hydrogen production was observed afterward.  Initial hydrogen production rate under 

Dark was the highest with 20.8 ± 1.4 µL mg-1 chl 1.5 hour-1 (707.7 ± 86.8 µL mg-1 DCW 

1.5 hour-1), and the hydrogen production lasted at least 4.5 hours at a constant rate and 

reached 50.60 ± 6.6 µL mg-1 chl 1.5 hour-1 (1710.20 ± 102.8 µL mg-1 DCW 1.5 hour-1). 

In Cbn 1-48 (Figure 6 (D) and Figure 7 (D)), there was no significant difference 

in initial hydrogen production rate between Red and White, which was 58.7 ± 8.3 µL mg-

1 chl 1.5 hour-1 (1208.8 ± 191.5 µL mg-1 DCW 1.5 hour-1).  The initial hydrogen 

production rate under Dark was significantly lower than under Red and White with 17.2 

± 6.8 µL mg-1 chl 1.5 hour-1 (383.2 ± 163.7 µL mg-1 DCW 1.5 hour-1).  In contrast, the 

total hydrogen production over time under Red was 134.5 ± 17.2 µL mg-1 chl 1.5 hour-1 

(2770.4 ± 402.54 µL mg-1 DCW 1.5 hour-1) which was significantly greater than that 

observed under White with 74.6 ± 11.7 µL mg-1 chl 1.5 hour-1 (1543.0 ± 307.7 µL mg-1 

DCW 1.5 hour-1) and Dark with 80.5 ± 18.0 µL mg-1 chl 1.5 hour-1 (1787.4 ± 438.2 µL 
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mg-1 DCW 1.5 hour-1).   Significant hydrogen production lasted for 1.5 hours under 

White, in contrast to more than 9 hours under Red and Dark. 

In VHLR-S4 (Figure 6 (E) and Figure 7 (E)), both hydrogen production rate and 

total hydrogen production under Red and Dark were significantly greater than under 

White.  The initial hydrogen production rate was 9.5 ± 3.6 µL mg-1 chl 1.5 hour-1 (552.6 

± 203.9 µL mg-1 DCW 1.5 hour-1) under Red, and 8.6 ± 3.6 µL mg-1 chl 1.5 hour-1 (535.1 

± 235.6 µL mg-1 DCW 1.5 hour-1) under Dark, with 3.40 ± 1.3 µL mg-1 chl 1.5 hour-1 

(196.6 ± 72.0 µL mg-1 DCW 1.5 hour-1) under White.  Total hydrogen production over 

time was 72.7 ± 13.2 µL mg-1 chl (4197.7 ± 569.6 µL mg-1 DCW 1.5 hour-1), and 6.1 ± 

1.7 µL mg-1 chl (352.6 ± 84.9 µL mg-1 DCW 1.5 hour-1), 27.8 ± 9.7 µL mg-1 chl (1730.3 

± 646.0 µL mg-1 DCW 1.5 hour-1), under Red, White, and Dark, respectively.  Hydrogen 

production lasted for 3 hours under White, in contrast to more than 9 hours under Red 

and Dark. 
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Figure 6.  Time profiles of chlorophyll content based hydrogen production.  Chlorophyll 

content based hydrogen production (µL mg−1) under White (green line), Red (red line), 

and Dark (black line) treatments measured over 9 h at a chlorophyll concentration of 

20 mg L−1 in (A) wild type, (B) Sta6, starch deficient; (C) BF25, deficient in oxygen 

evolving enhancer 2 protein; (D) Cbn 1-48, chlorophyll b deficient; and (E) VHLR-S4, 
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very high light resistant.  Averages shown with error bars representing standard deviation 

(n = 3–6). 
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Figure 7.  Time profiles of dry cell weight based hydrogen production.  Dry cell weight 

based hydrogen production (µL g−1) under White (green line), Red (red line), and Dark 

(black line) treatments measured over 9 h at chlorophyll concentration of 20 mg L−1 in 

(A) wild type, (B) Sta6, starch deficient; (C) BF25, deficient in oxygen evolving 

enhancer 2 protein; (D) Cbn 1-48, chlorophyll b deficient; and (E) VHLR-S4, very high 

light resistant.  Averages shown with error bars representing standard deviation (n = 3–6). 
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2.3.2 Energy Conversion Efficiency – Chlorophyll Based 

The energy conversion efficiency was calculated for each mutant and light 

treatment by comparing the ratio of hydrogen (normalized by initial chlorophyll 

concentration) produced per each 1.5 hour sampling period to the total amount of energy 

or photons used by each light treatment during that same time period.  The chlorophyll 

based energy conversion efficiencies of three mutant strains are shown in Figure 8 (A and 

C).  Under Red, the highest energy conversion efficiencies were always observed during 

the initial 1.5 hours in all treatments except VHLR-S4.  During the initial 1.5 hours, the 

highest values were observed in WT and Cbn 1-48, followed by Sta6, then BF25 and 

VHLR-S4 with the lowest value.  Energy conversion efficiencies decreased rapidly from 

1.5 – 4.5 hours with only Cbn 1-48 and VHLR-S4 remaining between 0.0670 – 0.1051 µL 

H2 mg-1 chl J-1 m-2 beyond 4.5 hours. 

Under White, the highest energy conversion efficiencies were similarly observed 

during the initial 1.5 hours in all treatments.  The highest value was observed in Cbn 1-

48, followed by WT, Sta6, then BF25 and VHLR-S4 with the lowest values.  Energy 

conversion efficiencies decreased rapidly between 1.5 – 4.5 hours.  Efficiencies are 

higher under Red than under White in WT up to 3 hours.  Efficiencies under Red were 

always higher than under White in both Cbn 1-48 and VHLR-S4, except during the initial 

1.5 hours in Cbn 1-48. 
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Figure 8. Time profiles of energy conversion efficiencies.  Energy conversion 

efficiencies based on (A) light energy and chlorophyll, µL mg−1 J−1 m-2, (B) light energy 

and biomass (BM), µL g−1 J−1 m-2, (C) photons and chlorophyll, µL mg−1 mol−1 photon 

m-2, and (D) photons and biomass, µL g−1 mol−1 photon m-2, under White (green column) 

and Red (red column) treatments measured in 3 strains, wild type (WT), Cbn 1-48 (cbn), 

chlorophyll b deficient; and VHLR-S4 (S4), very high light resistant.  Asterisks indicate 

statistical significance in energy conversion efficiency between under White and Red in 

each strain.  Averages shown with error bars representing standard deviation (n = 3–6). 

 

2.3.3 Energy Conversion Efficiency - Biomass Based 

The energy conversion efficiency was calculated for each mutant and light 

treatment by comparing the ratio of hydrogen (normalized by initial biomass) produced 

per each 1.5 hour sampling period to the total amount of energy or photons used by each 

light treatment during that same time period.  The biomass based energy conversion 

efficiencies of three mutant strains are shown in Figure 8(B and D) (data for BF25 and 

Sta6 not shown).  Under Red, similar to the chlorophyll based energy conversion 

efficiency, the highest efficiencies were always observed during the initial 1.5 hours in all 

treatments except VHLR-S4.  During the initial 1.5 hours, the highest value was observed 

in WT, followed by Sta6, Cbn 1-48, then BF25 and VHLR-S4 with the lowest values.  

Energy conversion efficiencies again decreased rapidly from 1.5 – 4.5 hours except 

VHLR-S4.  Energy conversion efficiencies remained high in Cbn 1-48 and VHLR-S4 with 
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1.55 ± 0.65, and 5.10 ± 1.28 µL H2 g-1 BM J-1 m-2, respectively,  beyond 4.5 hours.  In 

contrast to the chlorophyll based energy conversion efficiencies, the biomass based 

efficiency in VHLR-S4 was significantly higher than the efficiency in Cbn 1-48 after 3 

hours. 

Under White, the highest energy conversion efficiencies were similarly observed 

during the initial 1.5 hours in all treatments.  The highest values were observed in WT 

and Sta6, followed by Cbn 1-48, then BF25 and VHLR-S4 with the lowest values.  

Energy conversion efficiencies decreased rapidly between 1.5 – 4.5 hours.  

 

2.3.4 Chlorophyll and Biomass 

Cell concentrations were adjusted based on chlorophyll contents of 20.35 ± 0.99 

mg L-1 in the cell suspension for all experiments except the long run, light iteration, and 

sulfur deprivation experiments.  There were no significant changes in chlorophyll content 

over the experimental period for each strain except a significant increase in VHLR-S4 

under White, increasing from 21.36 ± 0.60 mg L-1 to 24.08 ± 0.70 mg L-1.  

Similar to chlorophyll contents, there were no significant changes in biomass 

within each strain over the experimental period.  However, biomass was significantly 

different between each strain, the highest in Cbn 1-48 (0.979 ± 0.058 g L-1), followed by 

BF25 (0.811 ± 0.021 g L-1), WT (0.518 ± 0.023 g L-1), Sta6 (0.411 ± 0.056 g L-1), then 

VHLR-S4 (0.368 ± 0.029 g L-1) with the lowest biomass. 

The chlorophyll:biomass ratio was determined for all strains used and are shown 

in Figure 9.  Across all strains the chlorophyll:biomass ratios were significantly different 
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from one another with the highest in VHLR-S4 (59.74 ± 3.26 mg g-1), followed by Sta6 

(48.12 ± 7.80 mg g-1), WT (38.63 ± 2.75 mg g-1), BF25 (29.85 ± 6.32 mg g-1), then Cbn 

1-48 (21.10 ± 1.36 mg g-1) with the lowest ratio. 

 

 

Figure 9.  Chlorophyll:Biomass (mg g-1) ratio for each C. reinhardtii strain used.   

Averages shown with error bars representing standard deviation (n = 3–6), all values are 

significantly different from one another. 

 

2.3.5 Extended Time and Light Iteration 

 Mutant photohydrogen production experiments were stopped after 9 hours of data 

collection as WT, Sta6, and BF25 strains ceased significant hydrogen production while 

VHLR-S4 and Cbn 1-48 appeared to continue hydrogen production at least in the Red 

treatment.  Preliminary extended experiments with VHLR-S4 and Cbn 1-48 were 
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performed to determine the longevity of hydrogen production in these mutants.  Included 

with the extended experiments was a preliminary investigation of a light iteration 

technique with Cbn 1-48 to determine if an alteration on continuous lighting for hydrogen 

production was feasible for increasing either hydrogen production yield or longevity.  

Data for these extended but preliminary experiments are shown in Figure 10.  

 

 

Figure 10.  Time profiles of hydrogen production in extended experiments.  Chlorophyll 

content based hydrogen production (A–C), and dry cell weight based 

hydrogen production (D–F) under White (green), Red (red), and Dark (black) treatments 

measured in (A and D) VHLR-S4, (B and E) Cbn 1-48, and (C and E) WT. Shaded 

columns indicate dark period. 
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2.4 Discussion 

2.4.1 Effects of light quality 

There was no significant difference in the chlorophyll based initial hydrogen 

production rate and yield between that observed under Red and White in Sta6, which 

lacks endogenous starch.  Similarly, there was no significant difference in the chlorophyll 

based initial hydrogen production rate between Red and White in two strains, BF25 and 

Cbn 1-48, that are known to show significantly lower PSII activity compared to that of 

WT [52].   VHLR-S4 showed very unique response under Red, and thus, it is discussed 

separately. 

These observations indicate the following: 1) Reducing equivalents delivered to 

hydrogenase were greater than what the available hydrogenase could utilize in Sta6 and 

Cbn 1-48 under the tested conditions.  Therefore, there was no significant difference in 

the chlorophyll based initial hydrogen production rate between Red and White treatments 

in these two strains. 

2) The chlorophyll based initial hydrogen production rate is a function of 

hydrogenase activity level rather than the magnitude of reducing equivalent delivered to 

hydrogenase under tested conditions.  

3) Hydrogenase activity was quickly attenuated by accumulating evolved oxygen 

likely due to the loss of oxygen consumption through endogenous starch catabolism in 

Sta6.  Therefore, the chlorophyll based initial hydrogen production rate under both Red 
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and White was significantly smaller than that in WT and Cbn 1-48 that contains 

endogenous starch catabolism. 

4) Reducing equivalent and oxygen generation through the water-splitting 

reactions of PSII were greater under White than that under Red in WT and Cbn 1-48.  

The greater oxygen evolution resulted in faster attenuation of hydrogenase activity, and 

subsequently, hydrogen production under White than under Red in WT and Cbn 1-48. 

This was supported by the previous observations [43]. 

5) Greater oxygen generation in WT compared to that in Cbn 1-48 revealed the 

inhibitory effects of oxygen on hydrogen production earlier.  Therefore, the chlorophyll 

based initial hydrogen production rate under White was significantly lower than that 

observed under Red. 

In WT, the hydrogen production rate decreased after the initial 1.5 h of 

incubation.  Hydrogen production rate is a direct indication of the hydrogenase activity as 

mentioned above, and incremental inhibition of hydrogenase activity could be estimated 

by comparing the production rates.  Assuming the maximum hydrogenase activity is 

equivalent to the chlorophyll based initial hydrogen production rate of 58.4 ± 0.8 µL H2 

mg-1 Chl h-1, observed in WT under Red and in Cbn 1-48 under both Red and White, the 

remaining hydrogenase activity can be estimated at different time points.  According to 

this calculation, 36.4, 10.8, and 0.7% of the maximum hydrogenase activity remained 

after 3, 4.5, and 6 h of incubation, respectively, under Red in WT.  In contrast, only 

11.7% of the maximum hydrogenase activity remained after 3 h of incubation, and none 
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after 4.5 h of incubation under White in WT. This indicates, approximately 1/3 and 1/10 

of remaining hydrogenase activity is inhibited every 1.5 h of incubation under Red and 

White, respectively, in WT. 

In BF25, although photosynthetic oxygen generation is restricted to 5% of that of 

WT [52], hydrogen production is attenuated almost immediately after the light treatment 

was started in both the Red and White treatments. While hydrogen production was 

limited in the light treatments in BF25, hydrogen production was observed in the Dark, 

indicating initial hydrogenase activity in all treatments and suggesting that under Dark, 

fermentation of endogenous substrates fuels hydrogen production.  The reasons for 

reduced hydrogen production in the light in BF25 remain unclear. 

In Cbn 1-48, hydrogen production was observed significantly longer in Red than 

in White.  Hydrogen production was also significantly prolonged under Red in Cbn 1-48 

compared to under Red in WT.  These results indicate that photosynthetic oxygen 

generation was restricted to a level close to the respiration rate. In fact, according to the 

same calculation done for WT, approximately 39.8 and 29.7% of the maximum activity 

remained after 3 and 4.5 h, respectively, under Red, and that slowly decreased to 16.6% 

after 9 h under Red in Cbn 1-48.  On the other hand, 16.6 and 12.0% of the maximum 

activity remained after 3 and 4.5 h, respectively, and the activity went below detectable 

level afterward under White in Cbn 1-48. Further, in the extended Cbn 1-48 experiment 

(Figure 10 B and E) hydrogen production was observed longer than fermentative 

hydrogen production under Dark. Although continued hydrogen production indicated that 

anaerobic conditions were maintained under Red, the hydrogen production rate after the 
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initial 1.5 h decreased then remained at a constant rate approximately equivalent to the 

rate under Dark.  The reason for this reduction is under investigation.  Aiming to replicate 

the high initial rate of hydrogen production observed under Red, a light iterating 

treatment was tested as a preliminary study (Figure 10 C and F) as well as extended 

experiments with VHLR-S4 (Figure 10 A and D) and Cbn 1-48 (Figure 10 B and E) to 

determine the potential yield and longevity of these mutants.    

Under iterating White, hydrogen was produced during both light and dark periods 

up to 15 h (time 17.5 in Figure 10 C and F) and was only produced during the dark period 

afterward.  Hydrogen production during the dark period after 15 h of incubation indicated 

the presence of hydrogenase activity, but limited to no hydrogen production during each 

subsequent light period indicated that rapid oxygen production likely inhibited 

hydrogenase activity.  During the dark portion of light iteration it is likely that oxygen 

was consumed by starch catabolism and dark fermentative hydrogen production was the 

major source for hydrogen productivity during those treatments.  

 Under iterating Red, cells continued to produce hydrogen during both light and 

dark up to 24 h (Time 26.5).  However, similar to observations under iterating White, 

hydrogen production during the light period slowly decreased and stopped after 24 h 

(Time 26.5) while hydrogen was produced during the dark period at a relatively constant 

rate. 

These results indicate that the decrease in hydrogen production during the light 

period under iterating light/dark treatments was most likely due to the oxygen inhibition 

of hydrogenase, though there may have been a contribution of the lack of reducing 
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equivalent delivered to hydrogenase.  It is possible that during the dark periods of light 

iteration there was consumption of oxygen and a resumption of hydrogenase synthesis 

before the cells were exposed to light again.  As the experiment continued, it is likely that 

the duration of darkness was not enough to generate the same level of hydrogenase as 

there had been during the initial dark adaptation period, resulting in diminished hydrogen 

output, and incrementally more oxygen in each subsequent light exposure.  This effect 

could help explain the higher yield and duration of hydrogen production under Red 

compared to White, as the Red treatment reduces the oxygen generating capacity of PSII.  

The lower hydrogen production rate after 3 h of incubation compared to the chlorophyll 

based initial hydrogen production rate under Red (Figures 2D and 3D) in Cbn 1-48 could 

be caused by the same response, however, the reason behind the decrease in hydrogen 

production during the light period under Red in Cbn 1-48 remains unclear. 

In VHLR-S4, the initial high hydrogen production rate observed in WT, Sta6, and 

Cbn 1-48, was not observed under both Red and White.  Instead, the hydrogen production 

rate under Red gradually increased up to 3 h after the initial dark adaptation and remained 

at a constant rate up to 15 h (Figure 10 A and D).  This result indicated there was no 

significant initial contribution of electrons from the photosystems to hydrogen production 

in VHLR-S4 and may be a result of slow electron transfer from PSII, and a general 

decrease in the efficiency of PSII that have been observed in this mutant, though under 

higher light intensity than in this study [57]. 

Although the greater expression of oxygen-evolving enhancer protein (OEE2) 

was reported in VHLR-S4 compared to that in WT under high light [58], low light 
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adapted VHLR-S4 produced less oxygen under low light compared to that observed in 

WT [55].  It is interesting to note that the hydrogen production with similar low light 

intensity under both Red and White resulted in significantly lower hydrogen production 

in VHLR-S4 compared to that in WT for the initial 3 h while hydrogen production under 

White in VHLR-S4 even became significantly lower than under Dark.  Similarly, strictly 

limited OEE2 expression in BF25 [52] resulted in virtually no hydrogen production under 

either light treatment as mentioned previously.  These observations indicate the 

involvement of a certain oxygen evolving pathway for hydrogen production via 

photolysis of water. 

As reported previously [59], truncated light harvesting complex mutants, which 

show decreased capacity for light harvesting per cell, are promising for increased 

hydrogen production by increasing light penetration through cell suspensions allowing 

more cells to be active in hydrogen production simultaneously.  In fact, the hydrogen 

production was improved using Cbn 1-48, which also decreases the capacity of light 

harvesting by reducing the total amount of chlorophyll per cell, compared to any other 

mutant strains used in this study.  This result can be partially explained by a low 

chlorophyll:biomass ratio (Figure 9), which essentially reduces the capacity of light 

harvesting per cell.  Compared to WT, Cbn 1-48 contains approximately 50% less 

chlorophyll per unit biomass, reducing cellular shading, allowing more cells to participate 

in hydrogen production.   In addition, the reduction in chlorophyll in Cbn 1-48 is the 

result of the mutation, vastly reducing the production of chlorophyll b in these cells, the 

bulk of which is associated with PSII [54], which also has a lower absorption maximum 
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than chlorophyll a [60].   With fewer chlorophyll b molecules and functional PSII 

reaction centers absorbing the light that can be used to evolve oxygen, hydrogenase 

activity can be sustained while more cells produce hydrogen.  

On the other hand, it is interesting to note that biomass based hydrogen yield was 

much greater in VHLR-S4 than in any other mutant strain.  This result can again be 

explained by the chlorophyll:biomass ratio, where VHLR-S4 has approximately 50% 

more chlorophyll per unit biomass compared to WT (Figure 9), effectively increasing the 

light harvesting capacity for each cell.  In VHLR-S4, the excess chlorophyll can explain 

the low yield when the hydrogen production values are normalized by chlorophyll 

concentration and vastly increased yield when hydrogen is normalized by biomass.  

Altered proteins from various metabolic pathways were identified in VHLR-S4 

previously, including those involved in the stability and function of light harvesting 

complexes and PSII [58], and the results observed in the current study strongly suggest 

the possible involvement of some of these altered metabolic pathways as a response to 

PSI-light.  These observations suggested the potential for improvement of hydrogen 

production by identifying and optimizing involved proteins and metabolic pathways as 

well as decreasing oxygen evolution by manipulating the light environment and light 

harvesting efficiency. 
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2.4.2 Comparison with conventional methods  

In this study, the light intensity was adjusted based on the unit W m−2 rather 

than μmol m−2 s−1 which means the number of photons harvested by each cell was 

smaller in the White compared to that in the Red.  However, as clearly shown by changes 

in energy conversion efficiency over time (Figure 8), the decline in hydrogen production 

is likely due to the deactivation of hydrogenase by PSII-dependent oxygen evolution that 

was observed more under White. This indicated that the PSI- light under Red successfully 

suppressed PSII-dependent oxygen evolution while maintaining PSI activity that is 

required for hydrogen production.  The advantage of this method is that it can be applied 

to other conventional methods such as the sulfur deprivation method or chemical 

inhibition of PSII activity method, to improve energy conversion efficiency as well as 

total hydrogen production.  For example, a previous report regarding effects of light 

intensity on hydrogen production in C. reinhardtii under the sulfur 

deprivation [61] reported the light intensity of 100 μmol m−2 s−1 resulted in the most 

hydrogen production. The light energy to obtain this light intensity using cool white 

fluorescent tubes is approximately 21.6 W m−2 which is approximately 20% higher than 

the light energy of 17.1 W m−2 in the Red in our current study.  This results in an 

improvement in energy conversion efficiency by more than 20% when the same or 

greater amount of hydrogen is produced.  In fact 82.5% and 43.5% increases in total 

hydrogen production and initial hydrogen production rate, respectively, were observed 

under Red compared to that observed under White with WT in our current study. Further 

improvement not only in energy conversion efficiency but also in total hydrogen 
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production over time can be expected, though an increased light treatment has yet to be 

tested. 

Currently, the most widely used method for hydrogen production in C. 

reinhardtii is the sulfur deprivation method.  Transferring a cell culture to sulfur free or 

limited media has two distinct advantages: (1) the cells rapidly accumulate starch which 

may serve as an electron source for hydrogen production [40], and (2) hydrogen 

production can be sustained for long periods (over 4000 h) in continuous systems [42].  

However, there are downsides to the sulfur deprivation method.  In a batch reactor, the 

process requires growing a cell culture in regular media, separating the culture from that 

media, washing the culture with sulfur deprived media, then re-suspending it in sulfur 

deprived media.  These tasks are laborious, costly, and can lead to microbial 

contamination of the system, which requires shut down, sterilization, and loss of 

production time.  These laborious processes can be omitted by using a continuous stir-

tank reactor, where cells are grown in a sulfur- limited media though the culture appeared 

to have significantly slower growth [42].  Limited growth rate restricts the ability to 

utilize the biomass for secondary products after hydrogen production.  

In contrast, implementation of PSI- light offers a more simple process for 

hydrogen production with fewer drawbacks. There are four main advantages to using 

light quality treatments for hydrogen production: (1) no changing of growth media, (2) 

maintaining optimum growth rate, (3) limiting chances for contamination, and (4) 

achieving relatively high and sustainable hydrogen production.  These four advantages 

have the potential to achieve a more economical and efficient system for hydrogen 
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production, maximum biomass production for high value products after the hydrogen 

production phase, and reduce the risk of system shut down due to contamination.   

In Table 2, hydrogen production under sulfur deprivation in WT under White is 

compared to VHLR-S4 and Cbn 1-48 under PSI-light and light iteration in sulfur 

containing TAP medium. The hydrogen production under sulfur deprivation in C. 

reinhardtii has been intensively studied, and various experimental conditions such as 

synchronization of reproduction cycle [62], light intensity [63], cell density [64], etc., 

were optimized.  However, to allow a direct comparison to our study, optimized 

conditions were not adopted in the sulfur deprivation experiment in our trial.  The same 

experimental conditions as in the PSI- light experiments were used for the sulfur 

deprivation experiment and their use resulted in relatively lower hydrogen production 

than is commonly reported in the literature.  Under these conditions, total hydrogen 

production per unit chlorophyll/dry cell weight over time in a batch system is 

approximately 3–8 times greater than under PSI- light.  This result can be attributed to the 

extended longevity and higher hydrogen production rate during the hydrogen production 

phase under sulfur deprivation.  However, significant hydrogen production was only 

observed after a prolonged 40-h lag phase under sulfur deprivation, while hydrogen 

production was initiated during the initial dark adaptation, followed by more rapid 

production under PSI- light.  Considering the observed extended lag phase, overall the 

chlorophyll based initial hydrogen production rate under PSI- light was approximately 

80–110% of that under sulfur deprivation.  Since there is significant variation in 

chlorophyll:biomass ratio depending on strain, overall biomass based hydrogen 
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production rate was 30% higher in VHLR-S4 under PSI- light and 10–35% lower in Cbn 

1-48 compared to that in WT under sulfur deprivation.  Furthermore, because the total 

lighting period was shorter under PSI-light, the chlorophyll based energy conversion 

efficiency under PSI-light was approximately 80–225% of that under sulfur deprivation. 

Similarly, the biomass based energy conversion efficiency under PSI- light was 

approximately 75–190% of that under sulfur deprivation.  Based on previous work, the 

implementation of PSI- light using the wild type strain resulted in significantly lower 

hydrogen production over time when compared to sulfur deprivation.  With the inclusion 

of mutant strains and the use of iterating light and dark, the implementation of PSI-light 

has been able to equal or exceed the productivity and efficiency of hydrogen production 

under sulfur deprivation. 

 

Table 2. The hydrogen production and energy conversion efficiency under different 

environmental/physiological conditions in three C.reinhardtii strains.  
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2.5 Summary 

 Many methods for photohydrogen production in C. reinhardtii exist, but the most 

intensively studied, sulfur deprivation, provides the greatest yield of hydrogen and thus, 

the most promise for commercialization efforts.  The sulfur deprivation technique suffers 

from expensive and laborious operations that are required for its large output of 

hydrogen, and from reduced biomass generation due to the nutrient starvation reduction 

in growth rates, limiting the future prospects for spent biomass.  In an attempt to provide 

a simple alternative to sulfur deprivation, the PSI- light method was introduced to 

manipulate the light environment of the cells to produce hydrogen with simple and 

inexpensive processes that allow for optimal cell growth and the potential to use the spent 

biomass for other valuable products.  From this study of mutant strains of C. reinhardtii 

the effect of photosynthetic and metabolic mutations on the photoproduction of hydrogen 

in combination with the PSI-light method was observed.   

 From the Sta6 mutant that lacks the ability to store starch, it was determined that 

endogenous starch is required for fermentative hydrogen production in the dark, but that 

limited photohydrogen production remains and that may be dependent on oxygen 

consumption from starch catabolism.  From Sta6 and observations in Cbn 1-48 and BF25, 

it was determined that the initial rate of photohydrogen production is largely a result of 

the activity of hydrogenase, rather than the concentration of reducing equivalents 

available.  Continued hydrogenase activity level in turn affects the total yield of hydrogen 
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produced as during White treatments substantially more oxygen is produced by PSII 

water-splitting when compared to Red treatments.  The result was sustained hydrogen 

production under Red treatments compared to White in terms of total yield and longevity 

of hydrogen production. 

 This result was amplified with the use of photosynthetic mutants that further 

depress the ability of PSII to evolve oxygen, as was the case with VHLR-S4 and Cbn 1-

48.  There were differences in the impairment of oxygen evolution in these two mutants, 

where VHLR-S4 showed reduced oxygen evolution and electron transport around PSII, 

and Cbn 1-48 has limited chlorophyll b, resulting in limited light capture by PSII.  In 

each of these mutants it was possible to use PSI- light to further depress photosynthetic 

oxygen generation, reducing the inactivation of functional hydrogenase to continue 

photohydrogen production.  In each of these cases it was shown that the 

chlorophyll:biomass ratio played a role in light capture for these mutants by reducing or 

increasing the light harvesting antennas associated with each photosystem.  In each 

mutant the effect of the antenna size resulted in either allowing more cells access to light 

as in Cbn 1-48, or allowing each cell to capture more light individually as in VHLR-S4, 

both capable of increasing hydrogen production over the WT.  

 By extending experiments with VHLR-S4 and Cbn 1-48 and introducing a light 

iteration experiment, the true potential for increased yield and longevity of 

photohydrogen production under PSI- light was demonstrated.  Though they were 

preliminary trials with only one replication, the potential for the PSI- light method to 
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provide a suitable alternative to sulfur deprivation that can compete with similar yields 

over time as well as increasing the energy conversion efficiency was demonstrated.  Once 

optimized, the PSI-light could provide an efficient and sustainable process for the mass 

production of hydrogen from green algae, all in a simple package.  Further optimization 

of this PSI-light system by experimentation with different mutants, expanded trials and 

optimization of a light iteration technique, and the potential use of solar radiation with 

optical filters as a light source, could all contribute to increasing hydrogen production and 

efficiency and represent future prospects for this method. 
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CHAPTER 3 – THE ROLE OF STARCH 

3.1 Introduction 

Since the discovery of the hydrogenase pathway in green algae, significant effort 

was directed into developing methods for the production of hydrogen on a commercial 

scale for use as an alternative to fossil fuels for rising global energy demands.  To this 

aim, numerous techniques for hydrogen production have been developed using 

Chlamydomonas reinhardtii, a single celled green alga capable of dark fermentative and 

photohydrogen production though biophotolysis.  Much of the development in these 

methods has focused on the reduction or elimination of photosynthetic oxygen evolution 

from the water-splitting reactions of PSII, as oxygen irreversibly inactivates hydrogenase 

[65].  The mechanism of the hydrogen production pathway was worked out by studies 

using metabolic poisons and mutant strains of C. reinhardtii and the model was widely 

accepted [66].  The model shows hydrogenase, coupled to ferredoxin, accepts electrons 

from PSI to reduce protons in the chloroplast to form hydrogen gas (Figure 3).  The 

source of electrons for this process was tested numerous times and remains somewhat 

contested. 

In the studies of hydrogen production in C. reinhardtii, attempts were made to 

determine the ultimate contributor of electrons to hydrogenase.  Early experiments 

indicated that hydrogen production in the dark was a separate process than hydrogen 

production in the light [22], as dark production could be abolished with metabolic 

poisons and then subsequent photohydrogen production was possible.  Dark production 
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was shown to be the result of endogeneous starch fermentation, as starch is the major 

carbon storage molecule in C. reinhardtii, and it was observed that cellular 

concentrations of starch decreased over the hydrogen production period.  The source for 

electrons under dark anaerobic conditions in this case were reducing equivalents in the 

form of NAD(P)H produced by fermentation of starch that donate electrons to ferredoxin 

which donates them to hydrogenase to generate hydrogen [30].    

In contrast, early research into photohydrogen production indicated that the 

source of electrons was likely a mix of those derived from starch catabolism and from 

PSII water-splitting activity, in either case the electrons flowed through the photosystems 

to hydrogenase using light energy to drive the reaction [26].  More recent studies using 

the sulfur deprivation technique pointed to the large increase in cellular starch in response 

to nutrient limitation and the subsequent breakdown of starch as a major contributor of 

electrons to photohydrogen production [29].  This early view was challenged by the 

stochiometric analysis of substrate breakdown to hydrogen produced that revealed a 

relatively small consumption of starch could not be responsible for the amount of 

hydrogen produced.  The authors suggested that protein, based on its consumption, could 

provide the necessary reducing equivalents for the amount of hydrogen produced [35].  

An updated review of the literature has revised some of the earlier declarations of starch 

as the major contributor of electrons to hydrogen production to designate electrons 

originating from PSII water-splitting being the major source of electrons while reducing 

equivalents produced from starch catalysis remain a minor source for hydrogen 

production [66]. 
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Many recent studies focus solely on the sulfur deprivation technique as it 

demonstrated the largest yield of hydrogen of any hydrogen production system with 

green algae [36].  With the development and previous investigation of the PSI- light 

method and the incomplete understanding of the role of starch in photohydrogen 

production, investigating the role of endogenous starch in photohydrogen production in 

this system was of interest.  Though the aim of reducing PSII oxygen generation is the 

same between the PSI- light method and sulfur deprivation, cells in the PSI- light method 

conditions remain unstressed compared to the stress conditions as a result of sulfur 

starvation.  Further, sulfur deprived cells undergo a long lag phase before the hydrogen 

production period begins, during which residual sulfur and oxygen are consumed, slowly 

bringing about anoxic conditions to synthesize hydrogenase.  Whereas in the PSI- light 

method, a short dark adaptation period and nitrogen gas flush provide anoxia and in turn, 

hydrogenase synthesis, in the culture with no other stresses being introduced.  With this 

in mind, it is likely that the role of starch is different between the two methods, though 

some insight can be gained by comparing the results with the PSI- light method to those 

found in the literature observed in sulfur deprived cells.  

With this work, investigation of the role of the growth and hydrogen production 

medium, as well as different light treatments, on starch utilization and subsequent 

hydrogen production in C. reinhardtii was observed.  The data supports the theory 

generated by study of sulfur deprived cells that starch catalysis is a minor contributor of 

electrons for photohydrogen production.  It is proposed that the major source of electrons 

in the PSI- light method are those from the residual PSII water-splitting reaction, while 
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the contribution of starch catabolism serves largely as a mechanism for consumption of 

photosynthetically evolved oxygen to allow continued hydrogenase activity, while 

contributing a small amount of reducing equivalent for photohydrogen production.  In 

addition, the role of acetate in the growth and hydrogen production medium on hydrogen 

production is considered. 

 

3.2 Materials and Methods 

3.2.1 Cell Growth 

Chlamydomonas reinhardtii wild type mt+ (CC-124) was obtained from the 

Chlamydomonas Resource Center at the University of Minnesota in St. Paul, Minnesota.  

Cells were grown either photoheterotrophically in Tris-acetate-phosphate (TAP) medium 

[56], or photoautotrophically in High Salt Medium (HSM) [67] bubbled with 5% CO2 in 

95% air mixture at a rate of 50 mL min-1 at pH 7.0 in 1-L flat glass bottles containing 800 

mL of the selected medium.  The cell suspension was continuously stirred using a 2.5 cm 

magnetic stirrer at a temperature of 25 ± 2⁰C.  A volume of 300 mL of the culture was 

transferred daily into 500 mL of fresh TAP or HSM medium to keep the cells in the late 

exponential growth phase.  This volume transfer was performed at least once per day for 

two days prior to the start of each experiment to allow the cell culture to adapt to the 

growing conditions.  Light was provided at 100 ± 10 µmol m-2 s-1 over 400-720 nm on 

the surface of the flasks for 24 hours continuously using standard cool white fluorescent 

tubes (CWFs).  



90 
 

 

 

3.2.2 Light Treatment 

Three light treatments were tested for each hydrogen production experiment: (1) 

white light treatment (White), where light was provided using standard CWFs at 15.19 W 

m-2 in 400-720 nm; (2) a red light treatment (Red) with an optical band pass filter (CWL 

690nm Narrow Band pass Interference Filter, Edmund Optics Inc., NJ) to pass light from 

680-710 nm with a peak at 692 nm, where light was provided using red LEDs (Reflective 

Mirror Type LED AOP 1-7005, Alpha-One Electronics LTD., Kanagawa, Japan) at 15.15 

W m-2 in 400-720 nm; and (3) a no light (Dark) control.  Light treatment, light quality, 

and intensity data are shown in Figure 11.  
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Figure 11.  Spectral distribution of light treatments.  Spectral distributions across 400–

750 nm waveband for different treatments, including White treatment with standard 

CWFs (Green) and Red treatment with red LEDs and 690 nm band pass filter (Red).  

Energy based and quanta based light intensities in W m−2 and μmol m−2 s−1, respectively, 

in each light treatment are shown. 

 

3.2.3 Cell Culture Preparation 

Cells were harvested by centrifugation at 2000 g for 5 minutes, then cells were 

washed three times with a fresh 10 mL of the selected hydrogen production medium, 

either TAP, HSM, or HSM+C (modified HSM by adding KHCO3 to equal the carbon 

concentration in TAP) and centrifuged again.  Cells were then re-suspended into 300 mL 

of one of the three selected hydrogen production media preparations mentioned 

previously and adjusted to a chlorophyll concentration of 20.28 ± 0.53 mg L-1 (average 

across all treatments).  90 mL of the chlorophyll concentration adjusted cell suspension 

was transferred to a 125-mL square glass bottle.  The 125 mL square bottle was then 

placed in a square plastic housing covered in aluminum foil to exclude all light but with 

one optical opening (size of 4.5 cm × 4.5 cm) to allow light for each treatment to reach 

the cell suspension after the dark anaerobic adaptation period.  The optical opening was 

covered with aluminum foil during the dark anaerobic adaptation period.  A total of 3 

hours of dark anaerobic adaptation was applied prior to the exposure to the light 

treatment to allow oxygen consumption and accumulation of hydrogenase among the 

treatments prior to photohydrogen production.  The headspace of the 125-mL square 
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glass bottle was flushed with nitrogen gas for the first 30 minutes of the 3 hour dark 

adaptation period to remove atmospheric oxygen.  Cell suspensions were continuously 

mixed using 2.5-cm magnetic stirrer at 300 rpm and maintained at 25 ± 2⁰C.   

 

3.2.4 Photohydrogen Production 

Cells were prepared as discussed earlier and suspended in one of three types of 

media; (1) HSM, with no carbon source; (2) HSM+C, with an inorganic carbon source in 

KHCO3; and (3) TAP, with acetic acid (acetate) as an organic carbon source.  The cell 

suspensions were then exposed to three different light treatments: (1) White; (2) Red; and 

(3) no light; Dark, as mentioned previously.  For each light treatment, hydrogen 

concentration in the 27 mL head space of 125 mL square glass bottle was monitored by 

removing 100 µL of gas from the headspace with a gas tight syringe (1710 TLL 100 µL 

Syringe, Hamilton Company, NV) and injecting the sample into a gas chromatograph 

(GC-2010 Shimadzu, Kyoto, Japan) with a fused silica capillary column (Carboxen 1010 

PLOT SUPELCO, PA, USA) and a thermal conductivity detector (TCD).   

After removal of the first gas sample for each light treatment (Time 2.5), the 

aluminum foil covering only the optical opening was removed to allow light for each 

treatment to reach the cell suspension.  Gas from the headspace of each light treatment 

was then sampled in 1.5 hour intervals analyzed for hydrogen concentration.  Cell 

suspensions were continuously mixed using 2.5-cm magnetic stirrer at 300 rpm and 

maintained at 25 ± 2⁰C during the experiment.  Hydrogen values have been normalized 
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by the initial chlorophyll concentration in each experiment to allow accurate comparison 

across experiments. 

For comparison, photohydrogen production under sulfur deprivation was 

preliminarily tested under the previously stated experimental conditions.  Cells grown in 

TAP medium bubbled with 5% CO2 95% air mixture at 50 mL min-1 were harvested by 

centrifugation at 2000 g for 5 minutes and re-suspended into 950 mL of TAP-S medium 

(TAP constituents with sulfur were replaced with alternate sources without sulfur to 

maintain the concentrations of all other components) at a chlorophyll concentration of 

10.17 ± 0.27 mg L-1 in 1-L flat glass bottle capped with a gas tight rubber stopper.  Then 

the cell suspension was incubated under white light at the light intensity of 100 ± 10 

µmol m-2 s-1 in with continuous mixing.  A 100 µL gas sample was taken every 12 hours 

to monitor gas composition until significant hydrogen production was observed. 

Subsequently, 90 mL of the cell suspension was anaerobically transferred to a 125 mL 

square glass bottle under UHP nitrogen atmosphere.  The 90 mL cell suspension was then 

incubated under Red or White with continuous mixing until photohydrogen production 

attenuated.  A 100 µL gas sample was taken every 12 hours to monitor photohydrogen 

production as previously described.  

 

3.2.5 Chlorophyll and Biomass 

The total chlorophyll concentration in the cell suspensions was determined in 

ethanol extracts, according to Spreitzer’s method [56].  At the beginning and end of each 

photohydrogen production phases, two 1-mL cell suspension samples were taken from 
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each bottle to analyze the chlorophyll content.  The cell suspension was centrifuged and 

2000 g for 5 minutes and the supernatant discarded and cells we re-suspended in 1 mL of 

a 95% ethanol 5% (v/v) water solution to extract chlorophyll.  The samples were then 

centrifuged again for 5 minutes at 2000 g to remove cell debris, followed by 

spectrophotometric absorbance analysis of the supernatant, specifically at 649 nm and 

665 nm wavelengths.  The initial rates of photohydrogen production and the total amount 

of photohydrogen production per unit chlorophyll were calculated based on the initial 

chlorophyll concentration measured at the beginning of each experiment. 

Biomass measurements were performed for each light treatment at the start of the 

experiment (Time 0), and at the end of the hydrogen production measurements (Time 

5.5-10.0).  15 mL samples from each light treatment were centrifuged at 3000 g.  The 

supernatant was discarded and cells were re-suspended in deionized water and filtered 

through pre-weighed 1.6-µm pore size glass fiber filters (Fisherbrand Glass Fiber Filter 

Circles G6).  Filters were dried over night to a constant weight, then weighed and 

recorded.  Since all experiments used the same wild type strain of C. reinhardtii, 

hydrogen measurements normalized by biomass were not used for these experiments.  

The standard student’s t-test (independent two-sample t-test) with equal sample 

sizes and equal variance was used to compare treatments at 95% confidence level unless 

noted otherwise. 
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3.2.6 Starch Measurement 

The total starch concentration was measured for each combination of growth 

medium, hydrogen production medium, and light treatment before (Time 0) and after the 

hydrogen production period (Time 5.5-10.0).  In each case 50 mL of cell suspension was 

sampled and centrifuged at 3000 g for 5 minutes, then the supernatant was discarded.  

The pellet was washed three times with 10 mL of 100% ethanol to remove pigments, this 

wash was discarded.  The pellet was then re-suspended in 3 mL of 100 mM sodium 

acetate buffer at pH 4.5 [68].  The sample was then prepared, digested, and analyzed by 

spectrophotometry following the instructions provided in the Starch Assay Kit (Sigma-

Aldrich Starch Assay Kit STA20, St. Louis, MO).  Starch values are represented by the 

concentration of glucose in solution as this assay enzymatically degrades starch into 

glucose for analysis.  Starch values have been normalized by the initial chlorophyll 

concentration in each experiment to allow accurate comparison across experiments.  

 

3.3 Results 

3.3.1 Initial Starch 

 Cells grown in HSM generated significantly less initial starch than cells grown in 

TAP in all experiments (Figure 12).   There was some variation within the initial values 

within each growth medium treatment.  For cells grown in HSM, those that were 

transferred to HSM+C (1.08 ± 0.16 mg mg -1) for the hydrogen production phase had 

significantly less initial starch than those that were transferred to either HSM (1.71 ± 0.29 
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mg mg-1) or TAP (1.18 ± 0.09 mg mg -1) for the hydrogen production period.  For cells 

grown in TAP, the initial values of starch were significantly d ifferent between all of the 

hydrogen production medium treatments, with cells transferred to HSM (3.93 ± 0.21 mg 

mg -1) having the greatest, followed by cells transferred to TAP (3.32 ± 0.75 mg mg -1), 

and cells transferred to HSM+C (2.27 ± 1.16 mg mg -1) with the least initial starch. 

 

Figure 12.  Initial and final starch concentrations for all hydrogen production medium 

and light treatments.  Cells grown autotrophically in HSM (A), cells grown 

heterotrophically in TAP (B).  Initial values taken at Time 0 during hydrogen production, 

values for each light treatment show final starch concentration after the hydrogen 

production phase.  Cells transferred to different hydrogen production media; HSM, (Blue 

bars); HSM+C, (Green bars); TAP, (Red bars).  Error bars represent standard deviation (n 

= 5).  TAP, tris-acetate-phosphate, HSM, high salt medium, HSM+C, high salt medium 

with added bicarbonate. 
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3.3.2 Starch Consumption by Hydrogen Production Medium and Light Treatment 

in Autotrophically Grown Cells  

In cells transferred to HSM (Figure 13A) for the hydrogen production phase, all 

light treatments had significantly smaller final starch concentrations compared to the 

initial starch concentration.  Red had 61% (1.03 ± 0.09 mg mg-1) of the initial starch 

remaining, while White had 44% (0.77 ± 0.06 mg mg-1), and Dark had 15% (0.26 ± 0.07 

mg mg-1).  Each light treatment had significantly different final starch concentrations 

from one another within the HSM hydrogen production medium treatment. 

In cells transferred to HSM+C (Figure 13B) for the hydrogen production phase, 

all light treatments had significantly smaller final starch concentrations compared to the 

initial starch concentration.  Red had 25% (0.27 ± 0.07 mg mg-1) of the initial starch 

remaining, while White had 23% (0.26 ± 0.02 mg mg-1), and Dark had 20% (0.22 ± 0.04 

mg mg-1).  There were no significant differences in starch concentration between light 

treatments within the HSM+C hydrogen production medium treatment.  

In cells transferred to TAP (Figure 13C) for the hydrogen production phase, Red 

and Dark treatments had significantly smaller starch concentrations compared to the 

initial starch concentration with 71% (1.30 ± 0.15 mg mg-1) and 5% (0.09 ± 0.12 mg mg-

1) remaining, respectively, while White with 113% (2.04 ± 0.47 mg mg-1) of the initial 

was not significantly different.  Each light treatment had significantly different final 

starch concentrations from one another within the TAP hydrogen production medium 

treatment. 
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There is also variation of the final starch concentrations within light treatments of 

the different hydrogen production medium treatments (Figure 13D).  In Red, cells that 

had been transferred to TAP for the hydrogen production phase had significantly more 

starch remaining than those transferred to HSM, which had significantly more starch 

remaining than those cells transferred to HSM+C.  In White, cells that had been 

transferred to TAP for the hydrogen production phase had significantly more starch 

remaining than those transferred to HSM, which had significantly more starch remaining 

than those cells transferred to HSM+C.  In Dark, cells that had been transferred to HSM 

or HSM+C for the hydrogen production phase had significantly more starch remaining 

than those transferred to TAP. 
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Figure 13.  Final starch contents after the hydrogen production phase for autotrophically 

(HSM) grown cells.  Starch values are given as proportions relative to the initial starch 

concentration for cells transferred to each hydrogen production medium; HSM, red bars 

(A); HSM+C, green bars (B); and TAP, blue bars (C).  Panel D shows all treatments 

together.  Statistical significance is shown within each hydrogen production medium 

treatment (A-C), and within light treatments (D) with lower case letters, different letters 

represent significantly different values.  Averages shown with error bars representing 

standard deviation (n = 5).  TAP, tris-acetate-phosphate, HSM, high salt medium, 

HSM+C, high salt medium with added potassium bicarbonate. 

 

3.3.3 Starch Consumption by Hydrogen Production Medium and Light Treatment 

in Heterotrophically Grown Cells 

In cells transferred to HSM (Figure 14A) for the hydrogen production phase, all 

light treatments had significantly smaller final starch concentrations compared to the 

initial starch concentration.  Red had 69% (2.70 ± 0.08 mg mg-1) of the initial starch 

remaining, while White had 47% (1.85 ± 0.20 mg mg-1), and Dark had 48% (1.89 ± 0.17 

mg mg-1).  Within the HSM hydrogen production medium treatment, the starch 

concentration remaining in the Red light treatment was significantly larger than White 

and Dark, though White and Dark are not significantly different from one another.  

In cells transferred to HSM+C (Figure 14B) for the hydrogen production phase, 

only Dark had a significantly smaller final starch concentration compared to the initial 

starch concentration.  Red had 47% (1.07 ± 0.63 mg mg-1) of the initial starch remaining, 
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while White had 40% (0.92 ± 0.32 mg mg-1), and Dark had 17% (0.38 ± 0.21 mg mg-1).  

Within the HSM+C hydrogen production medium treatment, the Dark final starch 

concentration was significantly smaller than Red and White, though there was no 

significant difference between the two. 

In cells transferred to TAP (Figure 14C) for the hydrogen production phase, all 

light treatments had significantly smaller final starch concentrations compared to the 

initial starch concentration.  Red had 64% (2.14 ± 0.42 mg mg-1) of the initial starch 

remaining, while White had 57% (1.88 ± 0.31 mg mg-1), and Dark had 20% (0.67 ± 0.35 

mg mg-1).   Within the TAP hydrogen production medium treatment Dark had 

significantly less final starch than Red and White, though they were not significantly 

different from one another. 

There is also variation of the final starch concentrations within light treatments of 

the different hydrogen production medium treatments (F igure 14D).  In Red and White, 

cells that had been transferred to HSM or TAP for the hydrogen production phase had 

significantly more starch remaining than those transferred to HSM+C.   In Dark, cells that 

had been transferred to HSM for the hydrogen production phase had significantly more 

starch remaining than those transferred to HSM+C or TAP. 
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Figure 14.  Final starch contents after the hydrogen production phase for 

heterotrophically (TAP) grown cells.  Starch values are given as proportions relative to 

the initial starch concentration for cells transferred to each hydrogen production medium; 

HSM, red bars (A); HSM+C, green bars (B); and TAP, blue bars (C).  Panel D shows all 

treatments together.  Statistical significance is shown within each hydrogen production 

medium treatment (A-C), and within light treatments (D) with lower case letters, different 

letters represent significantly different values.  Averages shown with error bars 

representing standard deviation (n = 5).  TAP, tris-acetate-phosphate, HSM, high salt 

medium, HSM+C, high salt medium with added bicarbonate.  
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3.3.4 Hydrogen Production in Autotrophically Grown Cells  

 In cells grown in HSM and transferred to HSM for the hydrogen production phase 

(Figure 15 A), the initial rate of hydrogen production (Time 2.5 - 4) was significantly 

higher in Red (40.3 ± 4.3 µL H2 mg-1 Chl 1.5 h-1) compared to White (8.5 ± 3.4 µL H2 

mg-1 Chl 1.5 h-1) and Dark (8.9 ± 2.0 µL H2 mg-1 Chl 1.5 h-1), which were not different.  

In hydrogen production over time all light treatments reached maximum production at 

Time 4.0, after which no significant increase in hydrogen production occurred.  

Maximum hydrogen production in Red (51.0 ± 3.9 µL H2 mg-1 Chl) was significantly 

greater than White (16.1 ± 4.0 µL H2 mg-1 Chl) and Dark (18.9 ± 2.3 µL H2 mg-1 Chl), 

which were not different from one another.  

 In cells grown in HSM and transferred to HSM+C for the hydrogen production 

phase (Figure 15C), the initial rate of hydrogen production was not significantly different 

between Red (19.9 ± 2.2 µL H2 mg-1 Chl 1.5 h-1) and White (24.5 ± 6.0 µL H2 mg-1 Chl 

1.5 h-1), while Dark did not produce a detectable amount of hydrogen.  In hydrogen 

production over time in Red and White light treatments reached maximum production at 

Time 5.5.  Maximum hydrogen production in Red (27.2 ± 2.6 µL H2 mg-1 Chl) was not 

significantly different than White (26.4 ± 6.2 µL H2 mg-1 Chl). 

In cells grown in HSM and transferred to TAP for the hydrogen production phase 

(Figure 15E), the initial rate of hydrogen production was significantly different between 

all light treatments with the highest in Red (68.4 ± 6.4 µL H2 mg-1 Chl 1.5 h-1) followed 

by White (26.7 ± 4.5 µL H2 mg-1 Chl 1.5 h-1) and Dark (4.6 ± 1.2 µL H2 mg-1 Chl 1.5 h-1) 
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with the least.  In hydrogen production over time maximum production occurred at Time 

8.5, 7.0, and 4.0, in Red, White, and Dark, respectively, after which no significant 

increase in hydrogen production occurred.  Maximum hydrogen production was 

significantly different between all light treatments with the highest in Red (161.3 ± 9.9 

µL H2 mg-1 Chl) followed by White (60.6 ± 6.3 µL H2 mg-1 Chl), and then Dark (18.5 ± 

2.1 µL H2 mg-1 Chl), with the lowest. 
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Figure 15.  Hydrogen production over time under different growth and hydrogen 

production media, and light treatments.  Autotrophically (HSM) grown cells (A, C, E) 

transferred to: HSM, (A); HSM+C, (C); TAP, (E), for the hydrogen production phase, 

and exposed to Red (red circles), White (open circles), and Dark (black circles) light 

treatments.  Heterotrophically (TAP) grown cells (B, D, F) transferred to: HSM, (B); 
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HSM+C, (D); TAP, (F), for the hydrogen production phase, and exposed to Red (red 

circles), White (open circles), and Dark (black circles) light treatments.  Error bars 

represent standard deviation (n = 5-7).  TAP, tris-acetate-phosphate, HSM, high salt 

medium, HSM+C, high salt medium with added potassium bicarbonate. 

 

3.3.5 Hydrogen Production in Heterotrophically Grown Cells  

In cells grown in TAP and transferred to HSM for the hydrogen production phase 

(Figure 15B), the initial rate of hydrogen production was significantly higher in Red 

(18.6 ± 5.5 µL H2 mg-1 Chl 1.5 h-1) compared to White (7.3 ± 3.1 µL H2 mg-1 Chl 1.5 h-1) 

and Dark (10.9 ± 2.0 µL H2 mg-1 Chl 1.5 h-1), which were not different.  In hydrogen 

production over time all light treatments reached maximum production at Time 4.0, after 

which no significant increase in hydrogen production occurred.  Maximum hydrogen 

production was significantly higher in Red (34.1 ± 8.2 µL H2 mg-1 Chl) and Dark (27.0 ± 

5.1 µL H2 mg-1 Chl), which were not different from one another, compared to White 

(22.2 ± 2.6 µL H2 mg-1 Chl) which was significantly lower than both. 

 In cells grown in TAP and transferred to HSM+C for the hydrogen production 

phase (Figure 15D), the initial rate of hydrogen production was significantly different 

higher in Red (9.1 ± 3.5 µL H2 mg-1 Chl 1.5 h-1), compared to White (4.2 ± 0.4 µL H2 

mg-1 Chl 1.5 h-1) and Dark (1.6 ± 0.7 µL H2 mg-1 Chl 1.5 h-1) which were not different 

from one another.  In hydrogen production over time all light treatments reached 

maximum production at Time 4.0.  Maximum hydrogen production in Red (12.2 ± 3.5 µL 
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H2 mg-1 Chl) was not significantly different than White (9.4 ± 4.8 µL H2 mg-1 Chl), but 

was significantly greater than Dark (4.5 ± 0.9 µL H2 mg-1 Chl).  White and Dark were not 

significantly different from one another.  

In cells grown in TAP and transferred to TAP for the hydrogen production phase 

(Figure 15F), the initial rate of hydrogen production was significantly different between 

all light treatments with the highest in Red (57.0 ± 6.7 µL H2 mg-1 Chl 1.5 h-1) followed 

by White (27.9 ± 7.5 µL H2 mg-1 Chl 1.5 h-1) and Dark (18.5 ± 2.7 µL H2 mg-1 Chl 1.5 h-

1) with the least.  In hydrogen production over time, maximum production occurred at 

Time 5.5, 4.0, and 5.5, in Red, White, and Dark, respectively, after which no significant 

increase in hydrogen production occurred.  Maximum hydrogen production was 

significantly different between all light treatments with the highest in Red (98.1 ± 15.5 

µL H2 mg-1 Chl) followed by Dark (60.1 ± 9.9 µL H2 mg-1 Chl), and then White (48.8 ± 

9.0 µL H2 mg-1 Chl), with the lowest. 

 

3.3.6 Use of PSI-light on Sulfur Deprived Cells 

 To determine the effect of exposing sulfur deprived cell cultures to PSI-light 

rather than the conventional White treatment, preliminary experiments were conducted.  

In two replicate experiments, sulfur deprived cells were treated with White and Red light 

to determine if Red could further reduce PSII oxygen generation, that was already 

suppressed as a result of sulfur starvation, and simultaneously increase photohydrogen 
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production.  The results shown in Figure 16 demonstrate a trend of decreased 

photohydrogen production under Red when compared to White.  

 

 

Figure 16.  Photohydrogen production in sulfur deprived cells exposed to Red (red 

circles) or White (open circles) light treatment in two separate preliminary experiments; 

experiment 1, (A), and experiment 2, (B).  

 

3.4 Discussion 

3.4.1 Effect of Growth Medium on Initial Starch 

The growth period represents the only time where cells can accumulate energy 

storage compounds, starch in the case of C. reinhardtii.  During this period, cells were 

grown either autotrophically in HSM with only CO2 available as a carbon source, or 

heterotrophically in TAP with only acetate as the carbon source.  As observed in Figure 

11, cells grown in TAP accumulated approximately twice the amount of starch compared 
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to cells grown in HSM across all of the hydrogen production medium treatments.  This 

result seems logical based on the high energetic cost in terms of reducing equivalents and 

ATP required for inorganic carbon assimilation via the Calvin Cycle compared to the 

relatively small amount of ATP required for acetate assimilation through the glyoxylate 

cycle.  Since the cells in TAP only had acetate as a carbon source, they were forced to 

assimilate it, and as a result of carbon assimilation requiring less energy expenditure, they 

were able to accumulate more starch compared to HSM grown cells.  This can be 

observed again in Table 3, comparing the percentage of the cellular biomass made up of 

starch under each growth condition.  In another study of growth medium effects on 

photohydrogen production, no difference in starch accumulation was observed between 

cells grown autotrophically and heterotrophically [50], though this may be attributed to 

the lower light intensity (approximately 25% of what was provided in this study) cells 

were exposed to during growth.  It is important to keep in mind the approximately 2-fold 

difference in initial starch content between auto- and heterotrophically grown cells during 

the discussion of starch consumption and its effect on hydrogen production.  

There was some significant variation between the treatments in initial starch 

concentration.  The source of this variation remains unclear as all growth conditions 

remained the same across treatments.  It is possible that subtle variations in overnight 

temperatures, based on the laboratory heating/cooling systems that cannot be completely 

controlled, could explain some of the variation, as temperature monitoring was not 

continuously recorded.  With the exception of TAP grown cells transferred to HSM+C, 
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and to a lesser extent TAP, standard deviations were relatively small, further 

complicating the issue. 

 

Table 3.  Percentage of cellular biomass made up of starch under different growth and 

hydrogen production media and light treatments (n = 5). TAP, tris-acetate-phosphate, 

HSM, high salt medium, HSM+C, high salt medium with added potassium bicarbonate. 
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3.4.2 Effect of Hydrogen Production Medium and Light Treatment on Starch 

 Autotrophically grown cells that were transferred to HSM for hydrogen 

production (Figure 13A) showed moderate starch consumption across all light treatments 

over the hydrogen production phase.  The cells under Dark consumed more starch than 

either of the light treatments simply because starch was the main energy storage 

compound available for energy production through fermentation and was the only way 

that they could survive anoxic conditions in the dark.  Those under Red and White had 

access to light in addition to starch for energy production.  Under White, more starch was 

consumed compared to Red likely due to the increased activity of PSII producing oxygen.  

Over the hydrogen production period White generates more oxygen via PSII than Red 

which can then be used to resume regular mitochondrial respiration of starch, allowing 

for more rapid consumption compared to the lower rate of respiration, due to lack of 

oxygen, under Red.  This result is supported by previous work showing that light 

exposure after dark adaptation reduces the starch breakdown rate, though the oxygen 

produced by light induced water-splitting is consumed during degradation, though at a 

slower rate [30]. 

 Autotrophically grown cells transferred to HSM+C (Figure 13B) showed 

increased starch consumption across all light treatments, with no significant differences 

between them.  Again these cells had to rely on starch breakdown for energy, but they 

also had access to carbonate in solution as an inorganic carbon source.  Starch 

consumption under Dark was once again a product of cell survival mechanisms 

generating energy in the form of ATP from starch fermentation.  In the light treatments, 
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the addition of carbonate as an inorganic carbon source presented a different metabolic 

effect, the resumption of carbon fixation via the Calvin Cycle.  The energy generated in 

the form of ATP and reducing equivalents through photosynthetic light capture was fed 

into fixing inorganic carbon from the medium, though at a much reduced rate than would 

be expected under normal photosynthetic conditions.  Photosynthetic carbon fixation was 

limited by the dark adaptation period halting the Calvin cycle and some time being 

required for the cycle to resume and have the photosynthetically derived energy to 

function after the light treatments were applied as has been observed in previous work 

[69].  The result was overall consumption of endogenous starch to generate energy for 

regular cellular functions such as growth and repair, similar to the Dark treatment, as 

there was not sufficient time for net production of starch via carbon fixation. 

 In autotrophically grown cells transferred to TAP during the hydrogen production 

phase (Figure 13C), there were major differences in starch consumption across the 

different light treatments.  In Dark, we observed an even greater consumption of starch 

than that observed in cells transferred to HSM or HSM+C.  As had been demonstrated 

previously, addition of acetate to C. reinhardii cells that had been cultured 

autotrophically, significantly increases cellular respiration [70], resulting in greater 

consumption of endogenous starch.  Cells in TAP under Red contained more residual 

starch after the hydrogen production period than Red treatments in either HSM or 

HSM+C cells despite increased cellular respiration.  This result was an effect of light 

induced acetate catabolism discussed previously, where acetate is metabolized by the 

glyoxlate and TCA cycles using oxygen generated by PSII in the light for metabolic 
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oxidation, generating reducing equivalents and ATP for cellular energy [31], reducing the 

demand for stored starch catalysis under these conditions.  In a similar process, White 

treated cells showed no decrease in starch compared to the initial starch values even after 

the hydrogen production period.  Under White, more oxygen is generated through PSII 

water-splitting compared to Red, increasing the ability of these cells to metabolize acetate 

for increased energy and further reducing the cellular demand for endogenous starch 

catabolism. 

 For cells grown heterotrophically then transferred to HSM for the hydrogen 

production phase (Figure 14A), starch consumption was similar to autotrophically grown 

cells across the light treatments, with the exception of Dark.  Under Dark, there was more 

starch remaining in heterotrophically grown cells compared to those grown 

autotrophically and transferred to HSM.  This result was unlike previous experiments 

where generally the Dark treatment consumed more starch than any other light treatment 

regardless of hydrogen production medium.  The reason for the excess starch remaining 

in Dark is likely related to the larger initial stored starch in this treatment compared to all 

other treatments as can be seen in Figure 12.  In White, more starch was consumed than 

in Red similar to autotrophically grown cells, and this result can be explained as it was 

previously, that the increased oxygen generation by the White treatment increased the 

respiration of starch in this treatment.  

 For cells transferred to HSM+C (Figure 14B), Dark has again consumed more 

starch than Red and White treatments due to the lack of energy other than what could be 
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provided by starch fermentation to allow cells to survive without light or oxygen.  

Though Red and White treatments had significantly more starch remaining than Dark in 

this treatment, when compared to Red and White in cells transferred to HSM or TAP, 

those in HSM+C had significantly less starch remaining at the end of the hydrogen 

production phase.  Having access to inorganic carbon in the medium again provides an 

extra energy sink in terms of carbon fixation for these cells as we have seen in 

autotrophically grown cells.  The increased consumption in starch in Red and White in 

this treatment can be related to expending the light energy captured on carbon fixation 

while starch consumption provided energy for other cellular activities.  The smaller 

consumption of starch in heterotrophically grown cells under Red and White compared to 

autotrophically grown cells was again likely a factor of the approximate two-fold 

difference in initial starch concentrations between the two growth conditions. 

 Cells grown heterotrophically and transferred to TAP (Figure 14C), show 

increased starch consumption in Dark compared to Red and White based on starch 

fermentation for survival as previously mentioned.  Red and White starch consumptio n in 

this treatment are similar to heterotrophically grown cells transferred to HSM, even with 

access to acetate in the medium.  The stimulation of respiration that was observed in cells 

grown autotrophically then exposed to acetate is not a factor for the cells in this treatment 

as they were already adapted to acetate in the medium.  Light induced acetate metabolism 

is also likely occurring at a slower rate than in autotrophically grown cultures for the 

same reason.  Because of the reduced rate of acetate metabolism in heterotrophically 

grown cells, the demand for endogenous starch catabolism is likely higher than in 
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autotrophically grown cells, explaining some of the differences between the two growth 

medium treatments. 

 Generally across all treatments, light had the largest impact on starch 

consumption.  In both autotrophically and heterotrophically grown cells, those cells 

exposed to Dark consumed significantly more starch than those under Red or White.  

While the impact of the hydrogen production phase medium had no significant general 

trend as there were no significant differences across media treatments regardless of how 

the cells were grown. 

 

3.4.3 Effect of Starch Consumption on Hydrogen Production 

 Photohydrogen production varied widely across both hydrogen production 

medium and light treatments.  Initial hydrogen production rates were significantly higher 

under Red under all growth and hydrogen production medium treatments with the 

exception of autotrophically grown cells transferred to HSM+C for hydrogen production, 

where there was no significant difference between Red and White, which will be 

discussed separately.  As has been discussed previously, the initial rate of hydrogen 

production is a function of hydrogenase activity level during that 1.5 hour period.  Cells 

exposed to Red evolve less oxygen from PSII water-splitting than cells under White, as 

the radiation available for the reaction in Red is considerably less than that under White.  

The accumulation of oxygen over the initial 1.5 hours of light treatment is greater under 
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White, inactivating more hydrogenase more rapidly than under Red, reducing the initial 

rate of photohydrogen production.   

The initial rates of hydrogen production under White treatments were only 

significantly higher than Dark when the cells were transferred to TAP under both growth 

conditions.  This result indicates that there is an interesting effect of the carbon source 

available to the cells during the hydrogen production phase.  This effect will be discussed 

in more detail through future experiments.  

While looking at the starch consumption from the various hydrogen production 

medium and light treatments, a clearer story begins to emerge when comparing the 

consumption of starch to the subsequent hydrogen production under each treatment.  

After all, the real question of this experiment was to examine the role of starch in 

photohydrogen production.  The expectation is that if starch is a major contributor of 

electrons to hydrogenase, then those treatments that consumed the most starch would 

produce the most hydrogen, though this is clearly not the case.  

In fact, there was an inverse relationship between starch consumption and 

hydrogen production, where those that consumed less starch tended to produce more 

hydrogen than those that consumed more.  Generally, the largest starch consuming 

treatments were those cells that had been transferred to HSM+C for the hydrogen 

production phase, or cells under Dark, consuming between 52-95% of the stored cellular 

starch to produce 0-71 µL mg-1 hydrogen.  In contrast, the largest hydrogen producers 

were those that were transferred to TAP for the hydrogen production phase and were 
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under the Red light treatment that consumed 28-34% of their stored starch to produce 

103-158 µL mg-1 hydrogen (Tables 4 and 5). 
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Table 4.  Summary of starch utilization and hydrogen production parameters in 

autotrophically grown cells under various hydrogen production medium and light 

treatments.  Values for hydrogen and starch content represent the averages of multiple 

experiments (n = 5) that have been normalized by initial chlorophyll concentrations for 

each experiment.  ND indicates no detectable value. TAP, tris-acetate-phosphate, HSM, 

high salt medium, HSM+C, high salt medium with added potassium bicarbonate. 

 

  



118 
 

 

Table 5.  Summary of starch utilization and hydrogen production parameters in 

heterotrophically grown cells under various hydrogen production medium and light 

treatments.  Values for hydrogen and starch content represent the averages of multiple 

experiments (n = 5) that have been normalized by initial chlorophyll concentrations for 

each experiment.  TAP, tris-acetate-phosphate, HSM, high salt medium, HSM+C, high 

salt medium with added potassium bicarbonate. 
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Dark treated cells consume starch rapidly as it is the major energy storage 

compound produced in C. reinhardtii, and with no light energy input, is the only way 

cells can survive these conditions.  As has been demonstrated in early fermentative 

hydrogen production experiments, the amount of hydrogen produced in the dark is 

significantly smaller than what is produced when cells are illuminated [30].  In the dark, 

electrons produced from starch fermentation can be delivered to hydrogenase or be 

transferred to various fermentative products to allow the recycling of electron carriers 

NAD(P)+/NAD(P)H so that fermentation can continue, and cells can generate the ATP 

required for necessary cellular maintenance and survival.  Generally under Dark 

conditions, greater starch consumption correlated with greater hydrogen production 

similar to what was reported previously by external glucose feeding in the dark in 

Scenedesmus [22].  It is also important to note the necessity of starch for dark 

fermentative hydrogen production as demonstrated by the complete lack of hydrogen 

production under Dark in the Sta6 mutant of C. reinhardtii, that does not accumulate 

starch, used previously (Figures 6B and 7B).  As a result, hydrogen production under 

Dark is severely limited by the amount of starch accumulated during growth as can be 

seen by the Dark hydrogen production being the largest in heterotrophically grown cells 

transferred to TAP, followed by heterotrophic cells transferred to HSM, and 

autotrophically grown cells transferred to either HSM or TAP, showing decreasing starch 

consumption values, respectively (Tables 4 and 5). 

In contrast, the large starch consumption observed in cells transferred to HSM+C 

for hydrogen production resulted in the lowest yields of hydrogen of any treatment tested.  



120 
 

 

As has been discussed, the availability of inorganic carbon in the medium represents a 

potential competitor for reducing equivalents produced by PSII water-splitting in the light 

as cells balance between spending that energy on carbon fixation or hydrogen production.  

This could explain the very small production of hydrogen in these treatments, though 

there is another potential complicating factor for cells exposed to the HSM+C treatment, 

the pH of the medium.  While pH was adjusted to 7.0 prior to the hydrogen production 

phase, there was no control of pH possible during hydrogen production under the 

experimental procedure.  In work done with sulfur deprived C. reinhardtii, similar low 

hydrogen production was observed in cells with carbonate added to the medium as an 

inorganic carbon source.  In that experiment, the pH of the medium increased to over 8.8 

during the course of the hydrogen production phase using similar concentrations of 

bicarbonate as used in the current procedure, resulting in minimal hydrogen production 

until the pH was controlled by a computer injection system during the experiment [71].  

Distinct changes in metabolic activity, including reduction of hydrogen production were 

observed in similar experiments as a result of a changing external pH [72], indicating the 

potential for stress conditions on the cells in terms of maintaining intracellular pH and 

membrane potential balance in our experiment.  Additionally, increasing dissolved CO2 

levels in the hydrogen production medium has been shown to simultaneously decrease 

photohydrogen production, and increase photosynthetic oxygen generation in another 

study.  The authors demonstrated that dissolved CO2 increased electron flow and 

efficiency through the electron transport chain of the photosynthetic apparatus and 

subsequent photosynthetic oxygen evolution.  By reducing dissolved CO2 to very low 



121 
 

 

levels, enhanced electron transport through the photosystems increased the 

photohydrogen production yield [69], indicating the dominance of light as an electron 

source for photohydrogen production, and pointing to a new design for future 

experiments.  Since there was no way to control pH in our experiment, repetition of this 

experiment under more controlled conditions is required to determine the true effect of an 

inorganic carbon source in the medium on hydrogen production.  

 The largest hydrogen producing treatment in our study was from autotrophically 

grown cells transferred to TAP and exposed to Red, while the next largest producer, 

which was significantly lower, was the heterotrophically grown version of the same 

treatment combination.  This result is a confirmation of a previous study demonstrating 

the capacity of a Red treatment to increase yield and longevity of photohydrogen 

production when compared to White and Dark controls by reducing photochemical 

oxygen evolution from PSII to allow continued hydrogenase function [43].  In addition, 

the cells grown autotrophically consumed less than half of the amount of starch than 

those cells that were heterotrophically grown consumed, while producing approximately 

50% more hydrogen under Red.  This result shows that there is a powerful effect of the 

way that cells are grown and the media that they are adapted to prior to the hydrogen 

production phase, on the hydrogen yield.   

The difference in hydrogen production is most notable with cells transferred to 

TAP for the hydrogen production phase.  The effect of acetate in the culture medium 

strongly increases photohydrogen production in the PSI-light method, though the use of 
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acetate by the cells during hydrogen production remains unclear.  There is evidence of 

acetate utilization in sulfur deprivation experiments in establishment of anaerobic 

conditions before the hydrogen production phase [35], though the authors indicate that 

acetate uptake ceases before hydrogen production begins, indicating that starch and 

water-splitting reactions are the main contributors of electrons to hydrogenase under that 

method.   

Regardless of the role of acetate, it is clear that when it is accessible, starch 

consumption under Red is small compared to other treatments, especially Dark, while 

hydrogen production is significantly greater.  This result can be seen more clearly when 

comparing the amount of hydrogen produces per unit of starch consumed across all of the 

experimental treatments (Tables 4 and 5).  It is expected that if starch consumption was 

the major contributor to hydrogen production in C. reinhardtii, there would be similar 

values for the yield of hydrogen per unit starch consumed.  This was clearly not the case 

as the values vary widely both within and between treatments.  It is important to mention 

that while these results indicate starch is not the major contributor of electrons to 

hydrogenase, there is still an important role for starch in photohydrogen production.  As 

can be seen in Figures 6B and 7B hydrogen production is possible under both Red and 

White light treatments in the Sta6 mutant used previously.  Without starch present, 

photohydrogen production is limited in both yield and longevity, strongly demonstrating 

that degradation of starch while cells are illuminated can provide some electrons to 

hydrogenase, but also functions to metabolically consume the photosynthetically evolved 

oxygen produced under illumination.   
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As another example supporting the idea that photosynthetic water-splitting 

reactions are the major contributors of electrons to hydrogenase in this system rather than 

starch, we have some preliminary data from an experiment applying PSI-light (Red) to a 

sulfur deprived cell culture to determine if it was possible to suppress oxygen evolution 

even further, and increase photohydrogen production.  Though these experiments were 

only carried out twice, and the conditions were not identical to those used in this study, 

the results clearly show a trend of reduced photohydrogen yield in cells exposed to Red 

compared to the White light control (Figure 16).  By attempting to suppress oxygen 

evolution using PSI- light in sulfur deprived cells that already had vastly decreased PSII 

oxygen evolving capacity, the limited radiation provided by the Red treatment for the 

water-splitting reactions decreased photohydrogen production.  The White treatment 

provided more radiation that could be captured by PSII, thus generating more electrons 

from water-splitting that could be passed through the photosynthetic electron transport 

chain to hydrogenase.   

The assertion that light activated PSII water-splitting activity provides the 

majority of electrons for hydrogen production is further supported by experiments 

demonstrating a significant increase in photohydrogen production by the addition of 

small concentrations of sulfate to sulfur deprived cultures.  The results of this experiment 

indicate that through addition of sulfate to sulfur deprived cells, PSII proteins requiring 

sulfur containing amino acids could be re-synthesized and PSII function could be 

repaired.  The authors contend that the resulting resumption of normal PSII function 
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provides increased electron flow from water-splitting reactions to hydrogenase, and thus, 

increased photohydrogen production [42]. 

The implication for this data is that under the PSI- light method, and likely under 

sulfur deprivation conditions, starch is not the major contributor of electrons for 

photohydrogen production.  There is a much larger effect of the light treatment and the 

carbon source in the hydrogen production medium on hydrogen production than starch 

consumption.  These results serve to provide further evidence for the role of starch in 

photohydrogen production that has been developing over time through the continuing 

hydrogen production research in green algae.  The Red light treatment reduces the 

amount of energy available for photochemical oxygen generation from PSII, starch serves 

as both a minor electron source and an oxygen consumer, while acetate in the medium 

provides some additional advantage to photohydrogen production in the PSI-light system 

that will require more experimentation to fully elucidate. 

 

3.5 Summary 

 The role of starch was contested since the very early work on hydrogen 

production in green algae.  In C.reinhardtii, starch was at one time proposed as being the 

major source of electrons for photohydrogen production under sulfur deprived conditions, 

though this view was revised with more research and experimentation.  The new 

research, and the results from this experiment, supports the idea that starch plays a 
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secondary role in photohydrogen production as an electron contributor while the primary 

source of electrons comes from the photo-oxidation of water at PSII. 

 It was shown that heterotrophically grown cells accumulate more starch than 

those grown autotrophically, but consume about twice as much during hydrogen 

production.  Starch consumption was generally the highest under Dark across the growth 

medium and hydrogen production medium treatments, as starch fermentation is the major 

source of electrons for hydrogen production without light input as mentioned in previous 

work with the Sta6 mutant.  Cells transferred to HSM+C for the hydrogen production 

period were also heavy starch consumers, though an underlying pH issue could be the 

reason for increased starch consumption due to cellular pH stress.  Though these 

combinations of treatments consumed the largest amount of starch, they were among the 

lowest hydrogen producing treatments in this study.  

 In contrast, under Red and White light treatments, less starch was consumed than 

under Dark generally across growth and hydrogen production medium treatments while 

hydrogen production was higher under illuminated cells with Red producing more than 

White.  These results indicate that light quality plays a more important role than starch 

consumption in terms of hydrogen production under the tested conditions.  By supplying 

Red, the photosynthetic oxygen generation of PSII could be limited, allowing greater 

photohydrogen production than under White, as more radiation was available to PSII for 

oxygen evolution, more rapidly inactivating hydrogenase and hydrogen production.   
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This notion was further demonstrated by the preliminary results of the application 

of Red and White light treatments to sulfur deprived cells.  The Red treated cells showed 

a trend of producing less hydrogen than those exposed to White.  Cells under sulfur 

deprived conditions were already limited in their ability to photo-oxidize water at PSII 

because of protein instability in the PSII reaction center, allowing for extended periods of 

photohydrogen production due to low oxygen evolution.  By exposing these cells to Red, 

the radiation available to PSII for water oxidation was further suppressed, reducing the 

overall photohydrogen yield compared to White, where the radiation could be more 

readily captured and harnessed for water oxidation, allowing greater photohydrogen 

yield.  This result supports the idea that photo-oxidation of water is a major contributor of 

electrons to photohydrogen production.  

 In addition to light quality playing an important role in hydrogen production, the 

greatest hydrogen production yields were observed from cells that were grown 

autotrophically then transferred to TAP, followed by cells grown heterotrophically and 

transferred to TAP for the hydrogen production phase.  The results indicate an important 

role for acetate in the medium during the hydrogen production phase, as those cells with 

acetate available were observed producing more hydrogen than those without acetate.  

The results led to investigations of other experiments discussing the role of acetate in 

hydrogen production, which also represents a widely contested area of research, some 

suggesting that acetate only functions to consume oxygen before the hydrogen production 

period, as in sulfur deprivation, or that acetate catabolism may be contributing electrons 

to hydrogenase during the photohydrogen production phase.  The end result of these 
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experiments led to the conclusion that light and acetate play a more important role in 

hydrogen production than the consumption of starch, which supports more recent 

research in the green algae hydrogen production field.  
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CHAPTER 4 – THE GROWTH ENVIRONMENT 

4.1 Introduction 

The success of any large scale biological hydrogen production system depends on 

maximum output while incurring the least possible operational costs.  Cost reduction is 

required to allow any biofuel product to be cost competitive with its fossil fuel 

equivalent, or there is no incentive to switching to a more environmentally conscious fuel 

source [8].  In order to reduce costs of production from a green algal hydrogen production 

system using Chlamydomonas reinhardtii, the growth medium, made up of various 

nutritional chemicals, is of major importance and also represents a significant and 

continuous operational investment.   

Acetic acid is a common organic carbon source found in TAP medium, one of the 

most commonly used growth media for use with C. reinhardtii.   Though it represents an 

expensive addition, it can increase cell suspension growth rates, which is desirable to 

increase the feasibility of a biological hydrogen production system [73].  For this reason, 

there is increasing interest in using alternative sources of carbon in growth media, in 

particular, by bubbling CO2 through the solution to eliminate the costly addition of 

acetate [71].  While CO2 is present in air, it remains at a relatively small concentration 

(approximately 0.039% [74]) and research has shown that increasing the concentration 

bubbled through growth media can increase growth rates in C. reinhardtii [75].  One 

major idea is to capture waste CO2 from conventional fossil fuel power plants or other 

large CO2 producing sources to supplement the carbon provided to green algae to 
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increase productivity.  Any source of CO2 that makes use of something that would 

otherwise be discarded as waste is of course ideal, as long as it will reduce the overall 

cost of hydrogen production. 

Replacing the organic carbon source acetate in the growth medium with an 

inorganic source like CO2 has effects on cellular processes and metabolic activities in C. 

reinhardtii as CO2 must first be assimilated into an organic form to be used while acetate 

can be directly taken up and assimilated by the cells.  These different metabolic routes to 

carbon assimilation make use of a number of different pathways within the cell, 

photosynthesis in particular.  Since the photosynthetic electron transport chain is involved 

in photohydrogen production in C. reinhardtii, it stands to reason that overall hydrogen 

production will be impacted by alterations in metabolic activity within the cell that occur 

as a result of the type of growth medium that is supplied.  

Based on previous experiments, it was demonstrated that acetate in the medium 

during hydrogen production enhances sustained and high yields of photohydrogen 

production, and that light rather than starch is the major contributor of electrons to 

hydrogenase.  In this study, the photohydrogen produced by C. reinhardtii cells using the 

PSI-light method under different growth medium conditions was compared.  Cells were 

provided acetate during the hydrogen production phase to allow for sustained 

photohydrogen production and to make clear the effects of the growth medium on 

hydrogen production.  Removing acetate from the growth medium represents a small but 

significant step to reducing the costs of green algal hydrogen production, though the 
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complete removal of acetate is desired from all aspects of the process to further reduce 

operational costs.  The complete removal of acetate from the hydrogen production 

medium, as observed from the work discussed in previous sections, is not yet possible as 

the photohydrogen production is severely limited when acetate is not present during the 

hydrogen production phase using the PSI-light method. 

 

4.2 Materials and Methods 

4.2.1 Cell Growth 

Chlamydomonas reinhardtii wild type mt+ (CC-124) was obtained from the 

Chlamydomonas Resource Center at the University of Minnesota in St. Paul, Minnesota.  

Cells were grown either photoheterotrophically in tris-acetate-phosphate (TAP) medium 

[56], photoautotrophically in high salt medium (HSM) [67] bubbled with 5% CO2 in 95% 

air mixture at a rate of 50 mL min-1, photomixotrophically in TAP bubbled with 5% CO2 

in 95% air mixture at a rate of 50 mL min-1, all at pH 7.0 in 1-L flat glass bottles 

containing 800 mL of the selected medium.  The cell suspension was continuously stirred 

using a 2.5 cm magnetic stirrer at a temperature of 25 ± 2⁰C.  A volume of 300 mL of the 

culture was transferred daily into 500 mL of fresh TAP or HSM medium to keep the cells 

in the late exponential growth phase.  This volume transfer was performed at least once 

per day for two days prior to the start of each experiment to allow the ce ll culture to adapt 

to the growing conditions.  Light was provided at 100 ± 10 µmol m-2 s-1 in 400-720 nm 
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on the surface of the flasks for 24 hours continuously using standard cool white 

fluorescent tubes (CWFs).  

 

4.2.2 Light Treatment 

Three light treatments were tested for each hydrogen production experiment: (1) 

white light treatment (White), where light was provided using standard CWFs at 15.19 W 

m-2 in 400-720 nm; (2) a red light treatment (Red) with an optical band pass filter (CWL 

690nm Narrow Band Pass Interference Filter, Edmund Optics Inc., NJ) to pass light from 

680-710 nm with a peak at 692 nm, where light was provided using red LEDs (Reflective 

Mirror Type LED AOP 1-7005, Alpha-One Electronics LTD., Kanagawa, Japan) at 15.15 

W m-2 in 400-720 nm; and (3) a no light (Dark) control.  Light treatment, light quality, 

and intensity data are shown in Figure 11.  

 

4.2.3 Cell Culture Preparation 

Cells were harvested by centrifugation at 2000 g for 5 minutes, then re-suspended 

into 300 mL of TAP media and adjusted to a chlorophyll concentration of 20.32 ± 0.62 

mg L-1 (average of initial chlorophyll concentrations across all experiments).  90 mL of 

the chlorophyll concentration adjusted cell suspension was transferred to a 125-mL 

square glass bottle.  The 125 mL square bottle was then placed in a square plastic housing 

covered in aluminum foil to exclude all light but with one optical opening (size of 4.5 cm 

× 4.5 cm) to allow light for each treatment to reach the cell suspension after the dark 
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anaerobic adaptation period.  The optical opening was covered with aluminum foil during 

the dark anaerobic adaptation period.  A total of 3 hours of dark anaerobic adaptation was 

applied prior to the exposure to the light treatment to allow oxygen consumption and 

accumulation of hydrogenase among the treatments prior to photohydrogen production.  

The headspace of the 125-mL square glass bottle was flushed with nitrogen gas for the 

first 30 minutes of the 3 hour dark adaptation period to remove atmospheric oxygen.  Cell 

suspensions were continuously mixed using 2.5-cm magnetic stirrer at 300 rpm and 

maintained at 25 ± 2⁰C.   

 

4.2.4 Photohydrogen Production 

Cells were prepared as discussed earlier and suspended in TAP, with acetic acid 

(acetate) as an organic carbon source.  The cell suspensions were then exposed to three 

different light treatments: (1) White; (2) Red; and (3) no light; Dark, as mentioned 

previously.  For each light treatment, hydrogen concentration in the 27 mL head space of 

125 mL square glass bottle was monitored by removing 100 µL of gas from the 

headspace with a gas tight syringe (1710 TLL 100 µL Syringe, Hamilton Company, NV) 

and injecting the sample into a gas chromatograph (GC-2010 Shimadzu, Kyoto, Japan) 

with a fused silica capillary column (Carboxen 1010 PLOT SUPELCO, PA, USA) and a 

thermal conductivity detector (TCD).   

After removal of the first gas sample for each light treatment (Time 2.5), the 

aluminum foil covering only the optical opening was removed to allow light for each 

treatment to reach the cell suspension.  Gas from the headspace of each light t reatment 
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was then sampled in 1.5 hour intervals analyzed for hydrogen concentration.  Cell 

suspensions were continuously mixed using 2.5-cm magnetic stirrer at 300 rpm and 

maintained at 25 ± 2⁰C during the experiment.  Hydrogen values have been normalized 

by the initial chlorophyll concentration in each experiment to allow accurate comparison 

across experiments. 

 

4.2.5 Chlorophyll and Biomass 

The total chlorophyll concentration in the cell suspensions was determined in 

ethanol extracts, according to Spreitzer’s method [56].  At the beginning and end of each 

photohydrogen production phases, two 1-mL cell suspension samples were taken from 

each bottle to analyze the chlorophyll content.  The cell suspension was centrifuged and 

2000 g for 5 minutes and the supernatant discarded and cells we re-suspended in 1 mL of 

a 95% ethanol 5% (v/v) water solution to extract chlorophyll.  The samples were then 

centrifuged again for 5 minutes at 2000 g to remove cell debris, followed by 

spectrophotometric absorbance analysis of the supernatant, specifically at 649 nm and 

665 nm wavelengths.The initial rates of photohydrogen production and the total amount 

of photohydrogen production per unit chlorophyll were calculated based on the initial 

chlorophyll concentration measured at the beginning of each experiment. 

Biomass measurements were performed for each light treatment at the start of the 

experiment (Time 0), and at the end of the hydrogen production measurements (Time 

7.0-10.0).  15 mL samples from each light treatment were centrifuged at 3000 g.  The 

supernatant was discarded and cells were re-suspended in deionized water and filtered 
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through pre-weighed 1.6-µm pore size glass fiber filters (Fisherbrand Glass Fiber Filter 

Circles G6).  Filters were dried over night to a constant weight, then weighed and 

recorded.   

The standard student’s t-test (independent two-sample t-test) with equal sample 

sizes and equal variance was used to compare treatments at 95% confidence level unless 

noted otherwise. 

 

 

4.3 Results 

4.3.1 Initial Hydrogen Production Rate 

The initial rate of hydrogen production was measured between Time 2.5, the time 

when the light treatment begins, and Time 4.0, the first measurement after the start of the 

light treatment begins.  For cells grown autotrophically (Figure 17A), the initial rate of 

hydrogen production was significantly different between all light treatments with the 

highest in Red (68.4 ± 6.4 µL H2 mg-1 Chl 1.5 h-1) followed by White (26.7 ± 4.5 µL H2 

mg-1 Chl 1.5 h-1) and Dark (4.6 ± 1.2 µL H2 mg-1 Chl 1.5 h-1) with the lowest.   

For cells grown mixotrophically (Figure 17B), the initial rate of hydrogen 

production was significantly different between all light treatments with the highest in Red 

(80.2 ± 8.5 µL H2 mg-1 Chl 1.5 h-1) followed by White (49.3 ± 12.0 µL H2 mg-1 Chl 1.5 h-

1) and Dark (24.0 ± 5.4 µL H2 mg-1 Chl 1.5 h-1) with the lowest.   
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For cells grown heterotrophically (Figure 17C), the initial rate of hydrogen 

production was significantly different between all light treatments with the highest in Red 

(57.0 ± 6.7 µL H2 mg-1 Chl 1.5 h-1) followed by White (27.9 ± 7.5 µL H2 mg-1 Chl 1.5 h-

1) and Dark (18.5 ± 2.7 µL H2 mg-1 Chl 1.5 h-1) with the lowest.   

Within each light treatment, there were also differences in initial hydrogen 

production rate between the different growth medium treatments.  Under Red, all of the 

media treatments were significantly different from one another, mixotrophic had the 

highest rate, followed my autotrophic in the middle, then heterotrophic with the lowest 

initial hydrogen production rate.  Under White, mixotrophic cells had a significantly 

higher initial hydrogen production rate than both heterotrophic and autotrophic cells, 

which were not significantly different from one another.  Under Dark, the results were 

similar to Red with all of the media treatments significantly different from one another.  

Mixotrophic had the highest rate, followed by heterotrophic in the middle, then 

autotrophic with the lowest initial hydrogen production rate.   
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Figure 17.  Hydrogen production over time under three different growth media, and three 

different light treatments normalized by chlorophyll concentration. (A) Autotrophically 

grown cells, (B) mixotrophically grown cells, (C) heterotrophically grown cells, exposed 

to Red (red circles), White (open circles), and Dark (closed circles) light treatments. 

Averages shown with error bars representing standard deviation (n = 5).  TAP, tris-

acetate-phosphate, HSM, high salt medium, HSM+C, high salt medium with added 

bicarbonate. 

 

4.3.2 Final Hydrogen Yield and Longevity of Production 

In autotrophically grown cells (Figure 17A), hydrogen was produced for 10 hours, 

and the final yield of hydrogen production yield over time was significantly different 

between all light treatments with the highest in Red (158.2 ± 13.5 µL H2 mg-1 Chl) 

followed by White (65.8 ± 4.8 µL H2 mg-1 Chl), and then Dark (19.6 ± 2.9 µL H2 mg-1 

Chl), with the lowest.  Maximum hydrogen production occurred at Time 8.5, 7.0, and 4.0, 

in Red, White, and Dark, respectively, after which no significant increase in hydrogen 

production occurred.   

In mixotrophically grown cells (Figure 17B), hydrogen was produced for 8.5 

hours, and the final yield of hydrogen production yield over time was significantly higher 

in Red (160.7 ± 12.4 µL H2 mg-1 Chl) compared to White (95.4 ± 12.5 µL H2 mg-1 Chl), 

and Dark (102.4 ± 17.6 µL H2 mg-1 Chl), which were significantly lower than Red, but 

were not different from one another.  Maximum hydrogen production occurred at Time 
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5.5, 4.0, and 7.0, in Red, White, and Dark, respectively, after which no significant 

increase in hydrogen production occurred.   

For cells grown heterotrophically (Figure 17C), hydrogen was produced for 7 

hours, and the final hydrogen production yield over time was significantly different 

between all light treatments with the highest in Red (111.2 ± 14.2 µL H2 mg-1 Chl) 

followed by Dark (75.7 ± 9.3 µL H2 mg-1 Chl), and then White (59.3 ± 10.0 µL H2 mg-1 

Chl), with the lowest.  Maximum production occurred at Time 5.5, 4.0, and 5.5, in Red, 

White, and Dark, respectively, after which no significant increase in hydrogen production 

occurred.   

Within each light treatment, there were also differences in final hydrogen 

production yield between the different growth medium treatments.  Under Red, 

mixotrophically and autotrophically grown cells had significantly higher hydrogen 

production yields than heterotrophically grown cells, though mixotrophic and autotrophic 

treatments were not different from one another.  Under White, mixotrophically grown 

cells had a significantly higher hydrogen production yield compared to autotrophically 

and heterotrophically grown cells, which were not different from one another.  Under 

Dark, all growth medium treatments were significantly different from one another, with 

mixotrophically grown cells having the highest hydrogen production yield, followed by 

heterotrophically grown cells, and then autotrophically grown cells with the lowest 

hydrogen production yield. 
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4.4 Discussion 

4.4.1 Effect of Growth Medium on Initial Hydrogen Production Rate 

The initial rate of hydrogen production had a similar trend in all of the growth 

medium treatments in that the rate was highest in Red, followed by White, and then Dark 

with the lowest rate.  This result is similar to previous experiments and can be explained 

by the spectral quality of the light provided regardless of the medium that cells were 

grown in.  Under the Red treatment, less radiation is provided in wavelengths that can be 

efficiently captured by PSII for the water-splitting reaction, when compared to White, in 

which the radiation provided can more efficiently utilized.  The result is less 

photosynthetically generated oxygen under Red, which allows for hydrogenase to remain 

active for longer as the increased oxygen produced under White inactivates hydrogenase 

more rapidly over the first 1.5 hours, resulting in a decrease in the initial rate of 

photohydrogen production.  Under Dark, there is only the fermentation of starch and 

possibly other energy storage compounds that contribute electrons for hydrogen 

production, resulting in a low initial rate of hydrogen production compared to the 

illuminated treatments. 

When comparing the different growth medium treatments to one another within 

light treatments, there is some interesting variation.  Under Dark, mixotrophically grown 

cells had the highest initial hydrogen production rate followed by heterotrophically 

grown, then autotrophically grown cells.  Though no starch data was collected during this 

experiment, from our previous study we saw that the initial concentration of starch varies 
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depending on the grown medium.  As can be seen in Figure 12, autotrophically grown 

cells have significantly less initial starch than those that were heterotrophically grown.  

There is evidence from studies with the sulfur deprivation method that show 

mixotrophically grown cells accumulate approximately 50% more starch than those 

grown auto- or heterotrophically [50], though in that study there was no difference in 

initial starch values between auto- and heterotrophically grown cells.  Since under Dark, 

starch fermentation is the major source of electrons for hydrogen production, cells that 

accumulate more starch during the growth phase can produce more hydrogen at a faster 

rate. 

Under Red, all the medium treatments were significantly different from one 

another with mixotrophic cells having the largest initial hydrogen production rate 

followed by autotrophic cells, and then heterotrophic cells with the lowest.  The results 

suggest differences in photochemical metabolism stemming from the different growth 

media these cells were exposed to.  As has been discussed previously, when acetate is 

added to autotrophically grown cultures, there is a rapid increase in mitochondrial 

respiration and subsequent reduction in photosynthetic oxygen evolution via PSII with an 

increase in electron flow through the photosynthetic electron transport chain [70].  

Similar increases in respiration and reduction of photosynthesis have been observed in 

mixotrophically grown C. reinhardtii when exposed to acetate addition to the growth 

medium [76].  In each of these cases, when cells are exposed to acetate after being grown 

auto- or mixotrophically, the combination of increased respiration consuming 

photosynthetically generated oxygen with the reduction in PSII oxygen evolution work to 
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prolong hydrogenase activity, and thus, photohydrogen production when compared to 

heterotrophically grown cells which have not shown any evidence of metabolic changes 

since they are already adapted to growth solely on acetate.  An increased store of starch 

in mixotrophic over autotrophic cells may provide additional oxygen consuming 

respiration to further decrease the potential for deactivation of hydrogenase by 

photosynthetically evolved oxygen. 

The story is quite similar under White, where mixotrophically grown cells have a 

higher initial hydrogen production rate compared to auto- and heterotrophically grown 

cells, which are not different from one another.  The difference here again may be an 

effect of increased starch stores in mixotrophic cultures allowing greater consumption of 

photosynthetically evolved oxygen than either auto- or heterotrophic cultures, resulting in 

more active hydrogenase and a subsequent higher rate of photohydrogen production.  

Without starch data for the mixotrophically grown cells in our study, this conclusion 

remains speculative. 

 

4.4.2 Effect of Growth Medium on Hydrogen Production 

In terms of total hydrogen production yield over time, this study shows great 

variation depending on the growth medium and light treatment applied to C. reinhardtii 

cells.  In autotrophically grown cells, all light treatments produced significantly different 

hydrogen yields with the highest in Red, followed by White, then Dark.  Use of Red 

reduced the photosynthetic oxygen evolution to below that of White, allowing a longer 
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period of hydrogenase activity, which allowed increase longevity and total yield in Red 

over White.  The increased respiration rate and decreased photosynthetic oxygen 

evolution in response to acetate addition [70] to these cells also played a role in increased 

longevity of hydrogenase activity through oxygen consumption, whose effects were more 

pronounced in Red compared to White.  In Dark, the lack of light energy for water-

splitting reactions severely limits the electrons available to hydrogenase for hydrogen 

production to starch fermentation.  In autotrophically grown cells, since the accumulation 

of starch is lower than heterotrophically grown cells (Figure 12), and likely those grown 

mixotrophically [50], the limited hydrogen yield and duration is expected.  The 

comparison of the Dark treatment across the grown medium treatments demonstrates the 

dependence of hydrogen production on starch under Dark, showing that mixotrophically 

grown cells have the largest hydrogen yield, followed by heterotrophic, and them 

autotrophic cells with the least hydrogen yield, coinciding with their relative starch 

reserves at the start of the hydrogen production phase.  

In mixotrophically grown cells, Red had a significantly larger hydrogen yield than 

both White and Dark, which were not different from one another.  Red again has the 

advantage of reducing the oxygen generated by PSII compared to White, resulting in 

increased hydrogen yield and longevity in Red over White.  The lack of separation in 

hydrogen yield between White and Dark can be explained by the rapid inactivation of 

hydrogenase activity by photosynthetically evolved oxygen after only 4 hours of 

hydrogen production.  Without light, oxygen generation was not evolved and could not 

inactivate hydrogenase, allowing the Dark treatment to continue producing hydrogen for 
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7 hours, likely owing to the accumulation of large starch stores during the growth phase.  

Though White had a higher initial rate of hydrogen production and increased respiration 

rate due to acetate [76], excess oxygen production could not be consumed fast enough to 

allow continued hydrogen production.  

In heterotrophically grown cells all light treatments were different from one 

another, with the highest hydrogen production yield in Red, followed by Dark, and then 

White with the lowest.  As mentioned previously, Red benefitted from reduced oxygen 

generation from PSII by limiting the radiation available for the water-splitting reactions, 

allowing for greater hydrogen yield than White and Dark.  Dark production being greater 

than White was a similar effect to mixotrophic cells in that Dark made use of large starch 

stores for fermentative hydrogen production while White rapidly generated oxygen at 

PSII.  In this case, the inactivation of hydrogenase activity under White happened faster 

than in mixotrophic cells because of the metabolic changes occurring as a result of 

acetate mentioned earlier consuming more oxygen [76].  Increased respiration and 

subsequent oxygen consumption has not been observed in heterotrophically adapted cells, 

restricting the hydrogen production yield due to more rapid attenuation of hydrogenase 

activity, can explain the difference in hydrogen yield under White between heterotrophic 

an mixotrophic cultures. 

The effects of growth medium have also been examined in sulfur deprivation 

experiments showing much larger (4-fold) hydrogen production in mixotrophic, over 

autotrophic and heterotrophically grown cultures that showed no overall difference in 
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hydrogen yield [50].  The authors note that the differences could be a result of the 

increased starch accumulation observed in mixotrophic cultures compared to autotrophic 

and heterotrophic cultures, as their assertion is that starch is a major contributor of 

electrons to photohydrogen production.  It seems unlikely based on our pervious 

experiments that starch is the cause of this variation, though the physiological and 

metabolic changes involved in sulfur starvation conditions may be enough to allow starch 

utilization to have such an impact.  The authors also point to CO2 starvation in 

heterotrophically grown cells as a potential reason why hydrogen yields were low in their 

experiments due to reductions in photosynthetic electron transport reported by Demeter et 

al. [77], which may explain the reduced hydrogen yield in the heterotrophically grown 

cells under our experimental conditions.  

Under Red, both auto- and mixotrophically grown cells produced significantly 

more hydrogen than heterotrophically grown cells.  In addition to the increased 

respiration rates and decreases oxygen evolution found in auto- and mixotrophic cultures 

[70,76], Endo and Asada [70] found evidence of state transition in response to acetate 

exposure.  In acetate exposed autotrophic cells, the authors found through chlorophyll 

fluorescence data that photosynthetic state transition was occurring, prompting the 

photosynthetic light harvesting complexes (LHCs) to shift from state 1 (LHCs bound to 

PSII) to state 2 (LHCs bound to PSI).  State transition refers to the release of light 

harvesting complexes bound to one photosystem to migrate within the chloroplast and 

bind to the other, to balance the redox states of the pools of both plastoquinone and 

NAD(P)H and assure efficient phosynthesis [78].  The observation of similar metabolic 
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shifts in mixotrophic cells upon addition of acetate may indicate that state transition to 

state 2 could be happening in these cells as well.  As a result, the use of PSI- light in the 

form of the Red treatment directs radiation to specifically activate PSI while reducing the 

radiation available to PSII for photosynthetic oxygen evolution.  The transition to state 2 

in autotrophic, and potentially in mixotrophic cells, serves to further reduce the radiation 

available to PSII for oxygen evolving reactions by reorganizing LHCs to bind to PSI, 

resulting in increased hydrogen yield in these two growth medium treatments over cells 

grown heterotrophically. 

 

4.5 Summary 

 The growth medium of C. reinhardtii cultures represents a significant cost to a 

large scale biological hydrogen production system, especially when that medium contains 

an organic carbon source like acetate, which can be an expensive addition to the medium.  

While acetate has been shown to increase growth rates in C. reinhardtii cultures in other 

experiments, the removal of this medium constituent represents a small but important 

cost reducing step towards making biological hydrogen production economically feasible.  

The complete removal of acetate from all stages of biological hydrogen production is 

desired to reduce the cost of media across the board, though as observed from previous 

experiments, acetate is required in the hydrogen production phase medium for high 

hydrogen yields.  In this experiment, the differences in hydrogen production under the 



146 
 

 

PSI-light method of cells grown with and without acetate were examined to determine the 

impact on hydrogen yield when removed from the growth medium. 

 Mixotrophically grown cells had the largest initial hydrogen production rate 

across all light treatments compared to auto- and heterotrophically grown cells.  Under 

Dark, this variation in hydrogen production rate was likely due to the accumulation of 

starch being larger in mixotrophically grown cells as reducing equivalents produced by 

starch fermentation are the major electron source for hydrogen production in darkness.  

Mixotrophically grown cells also had the highest initial hydrogen production rate under 

both Red and White light treatments followed by autotrophically grown cells.  This result 

was produced by a combination of potentially increased starch reserves (in 

mixotrophically grown cells) serving to consume oxygen evolved at PSII, and the 

increased respiration and decreased oxygen generation that occur after auto- or 

mixotrophically grown cells were exposed to acetate during the hydrogen production 

phase.  These two effects allow for both reduced photo-oxidation of water at PSII, and 

increased consumption of photosynthetically evolved oxygen, to allow more hydrogenase 

to remain active in mixo- and autotrophically grown cells, increasing the initial rate of 

hydrogen production.  The effects described can also explain the differences in total 

hydrogen yield in these treatments.  

 Again, both auto- and mixotrophically grown cells generated significantly higher 

hydrogen yields when compared to heterotrophically grown cells under Red.  This effect 

was discussed previously as a result of the altered metabolism in auto- and 
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mixotrophically grown cells upon exposure to acetate during the hydrogen production 

phase and in the case of mixotrophic cells, partly from increased starch accumulation 

during growth.  Under Dark, the data show that mixotrophically grown cells had the 

largest hydrogen yield, followed by hetero-, then autotrophically grown cells indicating 

the likely differences in starch accumulation based on previous data and other studies 

with sulfur deprived cells.  There was no significant difference between auto- and 

mixotrophically grown cells in terms of the maximum hydrogen yield under the largest 

producing light treatment, Red.  In fact, when cells were grown strictly heterotrophically, 

the total hydrogen production yield under illumination was significantly lower than those 

grown either auto- or mixotrophically.  The conclusions that could be drawn from this 

data were that under the conditions tested, it was possible to remove acetate from the 

growth medium and grow cells autotrophically without significant reduction in total 

hydrogen yield due to the stimulatory effects of acetate on these cells during exposure 

during the hydrogen production phase.  This conclusion represents a step toward future 

cost reductions in large scale green algal hydrogen production systems.  
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CHAPTER 5 – CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Conclusions and Future Directions 

 Throughout the experiments presented in this work, exploration of the physiology 

of hydrogen production using a simple method of photoyhydrogen production called the 

PSI-light method has begun.  Though some progress has been made in determining the 

mechanisms contributing to hydrogen production using this method, and some ways to 

improve the yield and efficiency, there is still much to learn about this system.  What was 

learned from these experiments must now be carefully considered to provide direction for 

future hopes of further increasing our understanding of the hydrogen production process 

in Chlamydomonas reinhardtii, and provide a path to large scale, sustainable hydrogen 

production. 

 The highest yielding and most intensively studied green algal hydrogen 

production method via sulfur deprivation suffers from laborious and expensive operations 

that limit its ability for commercial success.  Through the development of the PSI- light 

method, a simple and efficient alternative method of hydrogen production has the 

potential to reduce costs and with enough optimization, become an economically feasible 

biological hydrogen production system.  The first step was to use the PSI- light method to 

generate similar yields of hydrogen as those produced by the sulfur deprivation method.   

 The PSI- light method focuses on limiting the radiation available to PSII to reduce 

photosynthetic oxygen generation that would otherwise inhibit the activity of 

hydrogenase and cease hydrogen production.  In an attempt to further reduce PSII oxygen 
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evolution, several mutant strains of C. reinhardtii with various alterations in metabolism 

were examined.  From these experiments it was determined that two mutants in particular 

VHLR-S4 and Cbn 1-48, significantly increased hydrogen yield and longevity of 

production over the wild type.  In a preliminary study with these mutants, application of a 

light iteration regime was implemented to provide a period of darkness to allow the cells 

an opportunity to consume any photosynthetically evolved oxygen and potentially re-

synthesize hydrogenase to prolong hydrogen production.  The results were promising for 

both increased yield and longevity in both VHLR-S4 and Cbn 1-48, but the study did not 

proceed any further than those preliminary experiments.  In order to maximize hydrogen 

yields and production longevity it would be interesting to repeat these experiments with 

the wild type strain serving as a control to see the effects of both the light iteration regime 

and the mutations in VHLR-S4 and Cbn 1-48.  In addition, future work to optimize the 

duration of light and dark periods during the iteration experiment would likely provide 

even greater yields due to having more precise control over cell suspension oxygen 

concentrations and hydrogenase enzyme activity, while monitoring both would be 

required.  To further increase the efficiency of the PSI-light method the use of solar 

radiation rather than LED lighting is desired for eventual commercial applications to help 

reduce the costs of the hydrogen end product. 

 The selection of mutants for our experiments was narrowed down from the vast 

collection of strains available from The Chlamydomonas Resource Center at the 

University of Minnesota.  Future work with mutant strains of C. reinhardtii other than 

those used in this study may provide increased hydrogen yields under the PSI- light 



150 
 

 

method.  Different mutants of C. reinhardtii have been used to study many metabolic 

processes, including Stm6.  The Stm6 mutant shows increased starch accumulation and 

respiratory rate, as well as reduced oxygen evolution despite being locked in state 1, 

increasing the antenna size of PSII.  The result under sulfur deprivation is a 5-12 fold 

increase in hydrogen production compared to the wild type [79], which would be 

interesting to observe under PSI- light to determine the effect of the treatment on the 

hydrogen output and the potential for this mutant to be used for scaling up green algal 

hydrogen production.  With increasing interest in green algal hydrogen production, more 

mutant strains will be developed over time, providing new targets for the PSI- light 

method to be tested on.  In addition to different mutants, it would be of great interest to 

test different green algae species, especially in Scenedesmus, where green algal hydrogen 

was first discovered, to see if the PSI- light method has applications where the sulfur 

deprivation method does not.  It is possible that a different green algae species may 

respond well to spectral-selective radiation similar to PSI- light that targets the likely 

different wavelengths their photosystems absorb most readily.  

 Initial work with the Sta6 mutant that does not accumulate starch demonstrated 

that while starch was not required for photohydrogen production, it is required for dark 

fermentative hydrogen production.  In order to determine the role of starch, experiments 

were set up using wild type cells under different growth phase and hydrogen production 

phase media and monitored for initial starch accumulation, and the starch concentration 

remaining after the hydrogen production period.  The results of these experiments led to 

the conclusion that starch catabolism was not the major contributor of electrons for 
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hydrogen production but rather the photo-oxidation of water, and that acetate in the 

medium during hydrogen production was important for higher yields and increased 

longevity of photohydrogen production.  The role of acetate in terms of whether it acts as 

an electron source or simply an oxygen scavenger through respiration remains unclear, as 

does the effect of bicarbonate in solution, which requires more carful pH control to be 

considered.  Moving forward with these projects it is clear that more data would improve 

the understanding of the role of acetate and bicarbonate or CO2 in the medium during 

hydrogen production.  Ideally, future experiments would include measurements of 

acetate, CO2, and oxygen in the medium and the gas in the headspace of cell cultures as 

well as cellular concentrations of starch, protein, and lipids over the hydrogen production 

period.  This type of work would require instrumentation beyond what was available for 

the current study and considerable effort, but would provide more insight into the 

physiology of hydrogen production under PSI- light conditions.  Efforts were made in this 

regard through experiments using the sulfur deprivation method, monitoring carbohydrate 

and protein breakdown products to more accurately resolve the complex metabolic 

network resulting in hydrogen production [80].  The result of this type of work was 

ultimately to provide directions for commercialization efforts so that green algal 

hydrogen projects could provide a clean source of energy for the future. 

 In order for commercial scale hydrogen production from green algae to become 

economically feasible, every aspect of growth and operation of a hydrogen generation 

system needs to function at the lowest possible cost.  Eliminating acetate from the growth 

medium of C. reinhardtii cultures represents a small cost reduction step that when paired 
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with other small steps may be what allows biological hydrogen production systems to 

become economically feasible.  It was shown in this study that acetate was necessary for 

high yields of hydrogen from the PSI- light method, but acetate was not required during 

the growth period for high hydrogen yields.  In fact, the highest hydrogen yield was 

achieved by autotrophically grown cells transferred to acetate containing media for the 

hydrogen production period taking advantage of increased respiration and reduced 

oxygen evolution as a result of acetate addition to autotrophically grown cells [70].  It 

would be of interest to continue this particular study to include chlorophyll fluorescence 

and respiration rate measurements under auto-, mixo-, and heterotrophically grown cells 

to determine the effect of growth conditions on the respiration and photosynthetic 

activities in these cells as has been discussed previously [81]. 

Through this study it was determined that under the PSI- light method, use of 

mutants can further reduce PSII generated oxygen, and light iteration regimes can help to 

consume excess oxygen and resume hydrogenase function to improve photohydrogen 

yields in C. reinhardtii.  Photo-oxidation of water was shown to be the major electron 

source for hydrogen formation, and that starch and acetate are potential minor sources of 

electrons for hydrogen production as well as functioning as respiratory oxygen 

scavengers that allow increased hydrogen production longevity and yield.  The results 

support many other recent experiments suggesting that the majority of photohydrogen 

production in C. reinhardtii was generated by the electrons released from the oxidation of 

water at PSII in sulfur deprived cell cultures [49,66,80,82,83].  From these experiments, 

the data indicate the best option for maximizing hydrogen production would be to 
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combine the use of either VHLR-S4 or Cbn 1-48 mutant strains grown autotrophically 

then transferred to a heterotrophic medium containing acetate for the hydrogen 

production phase being exposed to iterating PSI- light.  Though this particular 

combination was not tested, it represents just one of the many future experiments that 

could be generated from this work.  All of these research efforts aim to learn about and 

use the physiology of C. reinhardtii to develop methods for efficient and sustainable 

photohydrogen production systems to help make hydrogen a viable global energy source 

for the future. 
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