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Summary 

Photo-biotechnology gains increasing attention for its capability to contribute to a 

substitution of fossil resource utilization and a decarbonized economy. Consequently, much 

effort is spent in engineering photosynthetically active cells as whole-cell biocatalysts for the 

synthesis of value-added products directly from CO2 and/or light. Nevertheless, successful 

and rational strain and process engineering is hampered by insufficient knowledge on the 

physiology of photosynthetically active cells. 

This study focuses on biocatalyst characterization, which is an essential aspect in bioprocess 

development. A methodological framework was developed to enable a systematic and 

quantitative investigation of the physiological properties of the model cyanobacterium 

Synechocystis sp. PCC 6803. Combination of continuous cultivation strategies with an 

advanced set of analytics allowed the quantitative characterization of light reactions and 

carbon metabolism within defined and controlled steady states. The established framework 

was applied to investigate the physiological response of Synechocystis sp. PCC 6803 to three 

different additional electron and/or carbon sinks, i.e., the assimilation of differently reduced 

nitrogen sources, the fermentative synthesis of lactate from CO2, and the hydroxylation of 

cyclohexane to cyclohexanol. 

The results confirm a carbon sink effect, which is the metabolic stimulation of 

photosynthetically active cells by an additional sink, e.g., a biocatalytic reaction. Increased 

effective quantum yields and enhanced metabolic rates (reflected by carbon fixation, water 

oxidation, and linear electron transfer rates) were observed for all model systems. Strikingly, 

stimulating effects were not found under all tested conditions but depended strongly on 

light and carbon availability. In this respect, additional sinks are hypothesized to enable an 

optimization of the cellular ATP and NAD(P)H balances and thus enhance photosynthesis 

rates within the given environmental and metabolic constraints. Additionally, investigation 

of photosynthesis-driven biotransformation of cyclohexane to cyclohexanol revealed a 

tremendous impact of the metabolic state on the whole-cell activity, emphasizing the 

importance of systematic and quantitative approaches in photo-biotechnology. 

This study contributes to the fundamental understanding of photosynthetically active 

cyanobacterial cells and demonstrates the potential of and necessity for systematic and 

quantitative biocatalyst characterization in photo-biotechnology.  
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Zusammenfassung 

Die Photo-Biotechnologie hat das Potenzial, durch die Substitution von fossilen Rohstoffen 

zur Dekarbonisierung der industriellen Ökonomie beizutragen. Die Entwicklung von 

photosynthetisch aktiven Ganzzell-Biokatalysatoren zur Produktion von Wertstoffen und 

Energieträgern ausgehend von CO2 und/oder Licht befindet sich dabei im Zentrum 

wissenschaftlicher und industrieller Forschung. Limitiertes Wissen über die grundlegenden 

Mechanismen und quantitativen Potenziale photosynthetisch aktiver Zellen erschwert 

jedoch die rationale und effiziente Biokatalysator- und Bioprozessentwicklung. 

Die vorliegende Studie setzt an der quantitativen und systematischen Untersuchung der 

Physiologie des Modell-Organismus Synechocystis sp. PCC 6803 als Ganzzell-Biokatalysator 

an. Dazu wurde ein integrierter Kultivierungs- und Analytik-Ansatz verfolgt, der es 

ermöglicht die Physiologie von Synechocystis sp. PCC 6803 in definierten und 

reproduzierbaren Fließgleichgewichten quantitativ zu erfassen. Neben grundlegenden 

physiologischen Effekten unter verschiedenen Licht- und CO2-Verfügbarkeiten wurde der 

Einfluss von biokatalytisch bedingtem Kohlenstoff- oder Elektronen-Abzug auf die 

Zellphysiologie untersucht. Dazu wurden drei verschiedene Ansätze verfolgt: i. die Variation 

der zellulären Stickstoff-Assimilierungskosten durch die Verwendung von Stickstoffquellen 

mit unterschiedlichem Reduktionsgrad, ii. Kohlenstoffabfluss durch Laktat-Synthese 

ausgehend von CO2 und iii. Elektronenabzug durch eine an die Photosynthese gekoppelte 

Hydroxylierung von Cyclohexan zu Cyclohexanol. 

Die Ergebnisse dieser Studie bestätigen die in der Literatur diskutierten Hinweise auf eine 

Erhöhung von Photosynthese- und Kohlenstofffixierungsraten durch das Einbringen 

zusätzlicher Elektronen- und Kohlenstoff-Senken in Form biokatalytischer Reaktionen. Dieser 

Effekt wird in der Literatur als Carbon Sink Effect beschrieben und diskutiert. In allen 

untersuchten Ansätzen konnte eine Erhöhung der Raten für Wasseroxidation, linearen 

Elektronentransfer und/oder Kohlenstofffixierung festgestellt werden. Diese Effekte waren 

stark von der CO2- und Lichtverfügbarkeit wie auch von der Art der zusätzlichen Senke 

abhängig. Somit wird die Hypothese aufgestellt, dass eine zusätzliche Senke unter 

geeigneten Umweltbedingungen (Licht- und CO2-Verfügbarkeit) zur Optimierung der 

zellulären ATP/NAD(P)H Bilanz beitragen und innerhalb bestimmter metabolischer Grenzen, 

wie z.B. die maximale Kohlenstofffixierungsrate, zu einer Erhöhung der metabolischen 

Aktivität führen kann. Untersuchungen zur Biotransformation von Cyclohexan zur 
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Cyclohexanol zeigten zudem großen Einfluss der Kultivierungsbedingungen und somit der 

metabolische Zustand der Zellen auf die Ganzzellaktivität. 

Zusammenfassend zeigt diese Arbeit die Bedeutung von quantitativer und systematischer 

Analyse der Physiologie von Photo-Biokatalysatoren für die Stamm- und Prozessentwicklung 

auf. Sie leistet auf Basis eines entwickelten quantitativen Ansatzes einen fundamentalen 

Beitrag zum Verständnis der Wechselbeziehung von photosynthetischem Metabolismus und 

biokatalytischer Aktivität. 
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Fossil resource use and climate change: the need for low- and zero-carbon resources and 

energy carriers 

The ability to exploit fossil resources as a cheap and abundant energy source has accelerated 

human development at the beginning of the 17th century, peaking in industrialization and 

modern lifestyle as present today. Consequently, fossil resources are the basis for human 

development and wealth, and most energy and chemical supply chains rely on them. 

Worldwide, a total of 4622 Mt refined oil equivalents were used in 2017 [1]. Most of it is 

utilized as energy carrier for electricity generation or as fuel in the mobility sector. 676 Mt 

fossil resources are used by the chemical industry as feedstock or energy source for chemical 

production (in 2013 [2]), which is a significant share of the overall global fossil resource use. 

Most of the carbon in the exploited fossil resources is consequently introduced as carbon 

dioxide (CO2) to the global carbon cycle and severely interferes with the global carbon 

budget [3]. As a result, the global atmospheric carbon dioxide concentration raised from 

277 ppm in 1750, the onset of the industrial era [4], to 410.6 ppm in May 2019 [5] in 

accordance to the fossil resource use. Overall, it is estimated that mankind released a total 

of more than 400 billion metric tons of carbon into the atmosphere in the time span from 

1751 to 2014 due to fossil resource utilization [6]. In 2017, the total emitted CO2 was 

estimated between 11.3 ± 0.9 Gt carbon (combined fossil resource use and land-use) [3] and 

33.4 Gt CO2 (equivalent to 9.1 Gt carbon) [1]. This and the simultaneous increase in the 

abundance of other greenhouse gases is the main cause for the climate change phenomena 

and especially global warming as we are experiencing since a few decades. The resulting 

changes in global and/or local weather and/or climate in terms of extremes such as storms 

[7, 8], excessive rain and floods [7, 9, 10], heat waves [11], and, droughts [12, 13] are, or will 

be, apparently occurring more heavily and frequently. The human-induced changes are so 

severe that the present time is already considered as an era determined by mankind, the 

Anthropocene [14, 15]. It has the potential to fully destroy the planet and consequently the 

basis of life and mankind [16, 17], and ultimately yielding in mass distinction [18]. This 

prompts politics regularly to initiate means to reduce negative climate change effects due to 

global warming [19]. The “Paris Agreement” in 2015 declares to take all measures to limit 

the average global warming to a maximum of 2°C above the pre-industrial era by reduction 

of carbon and greenhouse gas emissions [20].  
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Replacing fossil resources by renewable resources 

Different strategies for the transition of the fossil-resource based economy to a sustainable 

carbon neutral economy are under debate. The main focus is the substitution of fossil 

resources as energy carriers by renewable fuels and respective sources. While controversial 

debates are ongoing regarding a comeback of nuclear power [21-23] or the development of 

atomic fusion as low-carbon energy source of the future [24], we already have the 

technology for the sustainable generation of electricity by exploiting natural energy sources 

in hand: geothermal, solar, wind, and water energy can be transformed efficiently into 

electricity [25-28]. The potential of such technologies is enormous and enables the coverage 

of the global electricity and heating demand by far: solely the solar radiation reaching earth 

would be sufficient to cover the global demand approximately 2850 times, and, wind power 

could be used to cover 200 times the global energy demand [28]. To access this potential 

and to overcome challenges such as balancing anti-cyclic demand for energy and its 

generation phases, which in case of solar and wind power is highly dependent on daytime, 

weather and region, a plethora of solutions are under debate. Those include local electricity 

storage and transformation of generated electricity to energy carriers such as methane or 

hydrogen [29, 30]. The transition towards a low-carbon energy generation system appears, 

considering the potential of natural energy resources, feasible. 

The transition towards a fossil resource free mobility sector seems more challenging. While 

electricity can be introduced into the existing grid infrastructure, fuels have to be provided 

at the place needed. Electricity and hydrogen-based technologies are discussed as the main 

alternatives. Vehicles powered by electric engines captivate by the charming idea that the 

potential of renewable electricity can be directly used for mobility, but severe challenges 

such as (in the moment) low energy density in the required batteries and critical resource 

demand/availability have to be overcome to build up a broad electrified mobility sector [31, 

32]. Hydrogen-based mobility is discussed as an alternative [33]. It can be burned in fuel cells 

to generate electricity, which can, in turn, be used to power engines. Hydrogen is also a 

potential energy carrier for decentralized energy and power generation systems [34, 35]. 

The above-mentioned coupling of hydrogen production as energy storage for renewable 

energy resources could further contribute to a low carbon hydrogen supply chain [30, 35].  
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Bioeconomy 

The path to a low or even zero carbon economy is long and challenging. But as discussed, 

technological solutions to replace fossil resources for electricity generation are on the way. 

Keywords found at multiple levels within the transition process away from fossil resource 

use are, besides the above-mentioned utilization of natural energy sources, bio-economy 

and biofuels. The term biofuel gained significant attention when fossil resource prices 

increased and the fossil resource dependent climate change debates started and is a 

substantial puzzle piece in future energy mix considerations [36]. Bio-economy concepts aim 

at gaining biofuels, such as bioethanol from natural resources like sugars, and oils derived 

from biomass (first generation biofuels) or plant waste material (second generation), or oils 

from algal biomass (third generation). Such biologically derived energy carriers are CO2 

neutral since the CO2 which is released was fixed before by the feedstock plants or algae 

from the atmospheric CO2 [37]. Considering the dimension of fossil resources to be replaced, 

it is under debate if first and second generation biofuels have the potential as a sustainable 

resource, mainly due to a land use conflict with food production [38, 39]. Irrespective of 

that, it is estimated that biomass-based energy has the potential to cover the global energy 

demand by a factor of 20 [28]. The third biofuel generation tries to overcome the land use 

conflict by utilizing algae as feedstock, which can be cultivated on non-arable land and with 

higher efficiencies than plants [40, 41]. But even the potential of third generation biofuels is 

under debate, mainly regarding the whole life cycle energy balance [42]. 

The fourth biofuel generation shall overcome such limitations by decoupling biomass and 

fuel production. By applying genetic engineering, cells can be “designed” to produce 

hydrogen from sunlight and water directly or utilize CO2 and metabolize it directly into a fuel 

component, for example, ethanol or certain alkanes [37, 43, 44]. In this way, not only energy 

carriers, but also components synthesized in chemical processes, can be produced by using 

CO2 as feedstock in a low-carbon or even zero-carbon manner. Consequently, biotechnology 

offers not only an option to substitute fossil resource dependent energy generation but also 

fossil feedstocks in chemical production and thereby contributing to a de-carbonization of 

the industrial chemical sector.  
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Milestones in microbial biotechnology 

The UNESCO defines biotechnology as the following [45]: 

Biotechnology is the term given to the use of plants, animals, micro-organisms and biological 

processes to achieve advancement in the areas of industry, medicine and agriculture. It is the 

utilization of living organisms to promote development for the benefit of mankind. 

According to this definition, the use of microorganisms for food processing, i.e. fermentation 

of beverages and curing of food, can be considered as the first biotechnological applications. 

The earliest evidence for fermentation processes for food conservation purposes, in this 

case, fish, was found in Scandinavia and reaches approx. 9200 years back [46]. Hints for 

fermented (alcoholic) beverages reach back 9000 years in China, and even as far as 

13000 years in the Middle Eastern area [47]. In those times, biotechnology was conducted 

rather in an “empirical” way without knowledge of the involved microbial processes. 

The initial starting point towards microbiology and “rational” biotechnology by applying 

genetic manipulation techniques was set by the work of Antoni Van Leeuwenhoek and 

Robert Hooke with the development of the first microscopes and the first characterization of 

microorganisms in the 1660’s [48, 49]. The next milestone was the understanding of heritage 

and consequently of genes as code for living processes. The basis for that was set already in 

1866 by Gregor Mendel, who described in his studies heritage rules of certain characteristics 

in pea plants over multiple generations [50]. But Mendel was way ahead of his time and it 

took until 1906 that William Bateson seized on Mendel’s ideas and framed the field of 

genetics [51, 52]. The breakthrough was the elucidation of the structure of DNA in 1953 by 

Francis Crick and James Watson [53]. From this point on, the mechanistic and structural 

building plan for living processes was known, and, consequently, in principle also the 

knowledge what would have to be done to manipulate and “design” (microbial) cells. And 

indeed, Herbert Wayne Boyer succeeded only about twenty years later with the attempt to 

transfer and express heterologous DNA in another cell [54]. This can be considered as the 

beginning of rational cell design and modern biotechnology. Based on that technology, 

Boyer himself founded already in 1976 the first commercial (industrial) biotechnology 

company, Genentech. Genentech was in the following the first company to announce a 

heterologous synthesized commercial product: insulin [55].  



6 

Photo-biotechnology: exploiting CO2 and (sun) light as substrates 

The knowledge basis in the field of microbial biotechnology increased steadily over the 

following years, and by today, many products are produced in biotechnological processes 

with genetically modified, or engineered, microorganisms or enzymes as biocatalysts: for 

example amino acids, enzymes, bulk chemicals, food additives, antibiotics and 

pharmaceuticals [56-58]. Most microbial biotechnological processes depend on organic 

feedstocks, for example sugars, which are derived from plants. The use of biological 

feedstocks can be considered CO2 neutral, but the competition for arable land between 

biotechnological utilization of biomass for fuel production or as chemical feedstock with 

food production demonstrates that this is not an entirely sustainable and reasonable 

solution. The utilization of CO2 as a substrate, in contrast, is a more elegant solution to 

combine chemical and fuel synthesis in the context of de-carbonization. Nature offers a 

solution to enable both, the synthesis of value-added products and energy carriers, and the 

simultaneous utilization of CO2. 

Photosynthetically active cells, such as algae and cyanobacteria, are ubiquitous organisms 

which evolved 3.5 billion years ago [59, 60]. They exhibit two distinct features: 1. they are 

able to use light as energy source and transform it into biochemically available energy, and, 

2. they can utilize “thermodynamically dead” CO2 as sole carbon source and precursor for 

biomass formation (Fig. 1). In the above-outlined context, this makes photosynthetically 

active cells highly interesting as chassis organisms for “green” and zero-carbon 

biotechnological applications. Consequently, much effort is taken to evaluate and 

demonstrate cyanobacteria as a chassis for biofuel and chemical production directly from 

CO2 and sunlight [61-64]. In the last decades, it was demonstrated that cyanobacteria can be 

engineered for the conversion of CO2 into all relevant chemical classes such as alcohols [65-

71], carbohydrates [72], organic acids [73, 74], alkanes and fatty acids [75-77], terpenes [78-

80], and amino acids [81]. Furthermore, it was shown that cofactor dependent enzymes can 

be coupled directly to the photosynthetic electron transport chain, exploiting the electrons 

derived from water-splitting for the reduction of a specific reaction substrate [82]. Examples 

are reactions mediated by P450 monooxygenases [83-85] or enoate reductase [86] and the 

synthesis of hydrogen via hydrogenases [87-89]. 

Even though the potential of photosynthetically active cells was demonstrated, not many 

concepts reached a large production scale. Multiple startups tried to establish 
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photosynthetic CO2 conversion into value-added products, especially in the context of 

sustainable biofuels. A prominent example is Joule Unlimited, formerly known as Joule 

Biotechnologies, which claimed the concept of “Hyperphotosynthetic Organisms” for the 

synthesis of ethanol or other carbon-based fuels such as alkanes from CO2 and innovative 

bioprocess solutions for biofuel production [90, 91]. While the company and its strategy was 

widely celebrated (among others as “GoingGreen Top 100 Winner” [92], one of the “World's 

10 Most Important Emerging Technologies” [93] and as one of the “50 Most Innovative 

Companies in the World” [94]), it did not exceed the stage of demonstration plants towards 

commercialization. Instead, Joule Unlimited was closed in 2017 because financing of the first 

commercial scale plant was not feasible within the low-price frame of biofuels and bulk 

products [95]. Other companies, such as Solazyme Inc. and Algenol LCC, experienced similar 

challenges with similar concepts to synthesize carbon-based products and biofuels directly 

from CO2. Today, both companies shifted the main focus of operations to biomass-based 

food additives and personal care products, which allows operation in an economically 

feasible frame. The next round in attempting commercialization is taken by Photanol BV, 

which uses modified cyanobacteria to produce chemicals from CO2. It recently announced to 

build a demonstration plant for the production of organic acids which can be used in 

biodegradable plastics, personal care products and as intermediates for the chemical 

industry [96]. 

Efficient bioprocess development 

The examples of failed commercialization and scale-up of photo-biotechnological processes 

reveal that economic compatibility is one of the main challenges towards commercialization. 

This is especially true for low price products including fuels and bulk chemicals. Bioprocesses 

are considered to be economically feasible depending on the character of the product: 

typical threshold production values are 0.5 – 10 € kgproduct
-1 for bulk chemicals, 10 –

 50 € kgproduct
-1 for fine chemicals, and >100 € kgproduct

-1 for pharmaceuticals [97, 98]. As 

biofuels and bioplastics, as targeted by Photanol BV, are bulk chemicals, it is clear that the 

economic pressure on such a bioprocess is key. To achieve compatibility, certain process and 

reaction parameters have to be met. Most relevant are productivity, product titer and yield 

[99]. Values of >10 gproduct Lreactor
-1 h-1, >300 gproduct Lreactor

-1 and between 103 - 

105 gproduct gcatalyst
-1 are considered to enable economic feasibility for bulk chemicals [97]. In 



8 

order to reach those parameters in an efficient and straight forward manner, rational 

bioprocess development is required. 

Each bioprocess consists of three stages (Fig. 1.1, [100]): Upstream, midstream and 

downstream process. In the upstream process development, a suitable biocatalyst has to be 

identified and the product formation and yield have to be optimized on cellular or enzyme 

level for the synthesis of the product. The midstream process development deals with the 

optimization of the product yield and titer and the product formation rate by identifying 

ideal cultivation and process conditions. At last, the downstream process has to be designed 

for efficient and effective product removal and purification from the cultivation broth. 

 

Figure 1.1: Stages of bioprocess development. Each bioprocess can be divided into three stages: 

Upstream, midstream and downstream process. Figure is taken from [100]. 

Efficient and rational bioprocess development profits from iterative and integrated 

approaches as proposed by Schmid and coauthors via the circle of biocatalysis (Fig. 1.2, 

[101]). The main objective is to develop an economically competitive and ecologically 

friendly bioprocess for the synthesis of the product of interest. The example of Joule 

Unlimited thereby underlines the importance of the economic considerations for a 

successful bioprocess implementation. But it should also be evaluated if the bioprocess is 

ecologically friendlier than a chemical process, which is not the case for all bioprocesses 

[102]. 

Every bioprocess development starts with an initial evaluation of suitable biocatalysts, which 

can be either whole cells or enzymes as biocatalytic units. Both have opposite characteristics 

[103]: Isolated enzymes, either immobilized or free in solution, as biocatalysts have the 

advantage of often less complex downstream processing and high specific rates due to the 
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direct proximity to the substrate. The reaction environment around the free, isolated 

enzyme on the other hand goes along with a reduced life-time of the enzyme. Contrary to 

that, whole-cell biocatalysts provide a stable, self-reproducing and maintaining reaction 

compartment which simultaneously often results in reduced reaction rates due to mass 

transfer processes of the substrate and product into the cell and out. The cofactor 

regeneration capacity of the cells is thereby a particular advantage over isolated enzymes, as 

those are a significant cost-factor. Approaches for screening for biocatalytic activity in 

microorganisms or enzyme libraries are widely established (see [104, 105] for an overview). 

 

Figure 1.2: Iterative and integrated bioprocess development based on the circle of biocatalysis. 

Modified from [101]. 

In future, engineering a de-novo enzyme for a certain target reaction with tailored enzyme 

characteristics by computational means might be a promising approach. This was 

demonstrated for example for retro-aldolases [106] and a phenol oxidase reaction [107]. 

Further host selection, either for the production of a biocatalytically active enzyme, or as a 

whole-cell biocatalyst, remains, however, highly limited due to a small number of well-

characterized organisms with established genetic tools and good cultivation characteristics. 

Consequently, the well-characterized Synechocystis sp. and Synechococcus sp. strains remain 
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as the most used organisms as (model) prokaryotic host organisms in photo-biotechnological 

studies. 

After identification of a suitable biocatalyst, its properties have to be characterized in order 

to gain an understanding about the kinetics and cellular limits for an application and for the 

identification of optimization targets to enhance product formation rates and yields. Limited 

insight into cellular systems and especially underlying regulatory networks is still considered 

to be a major burden in applied biocatalysis and hindering a rational and straight forward 

process and cell design as known from other engineering principles [100]. Here, the 

advances in systems biology provide tools for a significant increase in knowledge and 

systems understanding of cellular functions and capabilities [100, 108]. Qualitative and 

quantitative omics technologies enable the characterization of the cellular state on each 

functional level, from metabolites (metabolomics), cellular fluxes (fluxomics), translation 

pattern (proteomics), transcription pattern (transcriptomics), to the genetic equipment 

(genomics). Successful examples for systems biology-driven identification of targets for cell 

optimization are the metabolic engineering of Escherichia coli for L-valine production by 

combined transcriptome analysis and in silico driven knockout and overexpression strategy 

[109], the metabolic flux analysis assisted rerouting of cellular fluxes for optimizing cofactor 

regeneration rates in Escherichia coli for the whole-cell biotransformation from styrene to 

styrene oxide [110], the genome scale in silico knock out strategy for the engineering of a 

succinic acid producing Saccharomyces cerevisiae [111], and the transcriptomics based 

improvement of the butanol tolerance of Synechocystis sp. PCC 6803 [112]. 

Based on the identified bottlenecks and optimization targets, cellular, metabolic, pathway 

and enzyme engineering can be applied to enhance biocatalyst performance, i.e. enzyme 

specificity and selectivity, titer and reaction rate. Cell engineering is the structural 

engineering of the cell to improve catalyst performance, mostly to overcome limitations in 

mass transfer over the cell membranes. Successful examples are the integration of a porine 

to enable better transfer of a hydrophobic substrate and product through the cell 

membrane for the omega-oxyfunctionalization of dodecanoic acid methyl ester in 

Escherichia coli [113] and the integration of a sucrose permease in a sucrose producing 

Synechococcus elongatus PCC 7942 [72]. 

Classic approaches in metabolic engineering are the knock out/down of competing pathways 

as in the case of the before mentioned L-valine production in Escherichia coli [109] and the 
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1,4-butanediol production in Escherichia coli [114], and the overexpression of rate-limiting 

enzymes in a diaminopentane producing Corynebacterium glutamicum [115]. 

Pathway engineering is the fine-tuning of the heterologous pathway in a cell. Codon 

optimization and promotor design can improve functional and enhanced expression of the 

catalytic enzyme and reduce the accumulation of toxic compounds within a cascade 

pathway, as shown for the oxyfunctionalization of fatty acid methyl esters in Escherichia coli 

[116]. Enzyme engineering allows optimization of the catalyst on enzyme level. This can be 

facilitated by evolutionary methods to improve for example substrate specificity and 

enantiomeric excess (reviewed in [117]). 

In the next step, the applicability of the biocatalyst has to be ensured. The most important 

aspect is in many processes the substrate and product toxicity. Such effects can be 

minimized by applying a second phase, such as in the process development of the 

monooxygenase mediated oxidation of styrene to styrene oxide in Pseudomonas putida 

[118] or the hydroxylation of cyclohexane in Synechocystis sp. PCC 6803 [85] in which the 

toxic compounds accumulate in an organic phase. Another aspect of biocatalyst applicability 

is the cofactor regeneration capability under reaction conditions, which can be addressed by 

modulation of cellular fluxes, as mentioned above already [110]. Besides optimizing redox 

cofactor availability and enhancing biocatalyst stability, the most suitable reaction mode has 

to be identified and implemented. Whole-cell biocatalysis can be facilitated in batch, fed-

batch, continuous and resting cell mode. Each of those process modi has distinct advantages 

and impacts on cellular performance during the catalysis. In case of the electron demanding 

oxyfunctionalization of dodecanoic acid methyl ester in Escherichia coli based whole-cell 

biotransformations, for instance, it was demonstrated that initial specific whole-cell 

activities are higher under resting cell conditions compared to growing cells, where the 

reaction competed with biomass formation for the available cofactors [119]. Limonene 

production in a recombinant Escherichia coli could be optimized by applying a resting cell 

biotransformation under simultaneous medium optimization [120]. 

In the last step, the downstream process design has to be optimized to enable an efficient 

product recovery. A multi-phase approach does not only improve biocatalyst stability, but it 

can simultaneously simplify product separation from the reaction broth. Such integrated 

product recovery can be widely applied [121]. Besides of classical downstream processing 

unit operations, such as distillation or crystallization (an overview can be found here [122-
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124]), novel methodologies such as product recovery from second phases by supercritical 

CO2 are investigated [125, 126]. 

The term circle of biocatalysis implies an iterative linear process, but all engineering levels 

are in fact highly interconnected as each parameter has an impact on the others, especially 

when considering the biocatalyst and reaction properties with the process design. 

Consequently, successful bioprocess development profits from the combination of all 

available tools at each level. Examples for integrated bioprocess optimization are described 

in detail by Lee and Kim for the development of a L-arginine producing Corynebacterium 

glutamicum and an 1,4-butandiol producing Escherichia coli [100]. 

Photo-biotechnological bioprocess development 

Biocatalyst engineering approaches are well established, covering enzyme [105, 127, 128], 

pathway and metabolic engineering principles [129-131] and are widely applied to enhance 

carbon partitioning into a carbon-based product and thereby increase production rate and 

titer in photosynthetically active cells [61, 132, 133]. The engineering of Synechocystis sp. 

PCC 6803 for the synthesis of lactate from CO2 represents the most intensive engineering of 

a phototropic cell towards an efficient phototrophic biocatalyst, involving, among others, 

codon optimization (enzyme engineering), optimizing translation by promotor selection 

(pathway engineering), and debottlenecking of the fluxes to the precursor and minimizing 

alternative carbon fluxes (metabolic engineering) [71, 74, 134, 135]. 

As seen in the previous section, a quantitative and systematic characterization of cellular 

metabolism can not only accelerate and simplify cell optimization targets. It is in fact even a 

fundamental requirement to evaluate and characterize the effects of conducted engineering 

steps. Even though systems biology and quantitative physiology approaches are applied for 

photosynthetically active cells, its use is not as common as for heterotrophic cells (see 

below), resulting in a still trial-and-error approach in strain and process development. 

Reaction engineering and process engineering are, in contrast to biocatalyst engineering, not 

a focus in photo-biotechnological research, even though it is widely known that reaction 

conditions, such as substrate, or nutrient in general, availability and the process mode 

(batch, fed-batch, continuous) can have tremendous impact on the production rate and 

product yield. Examples for a systematic evaluation of the impact of reaction conditions and 

process modes are the biotransformations mediated by an alkane monooxygenase AlkBGT 

and a P450 monooxygenase in recombinant Synechocystis sp. PCC 6803 strains, where 
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whole-cell activities were increased by optimized light and carbon supply and suitable 

cultivation modes including the implementation of a second phase to reduce the toxic 

impact of the substrates and products, respectively [85, 136]. The reason that most studies 

focus on biocatalyst engineering might result from the still low production rates and titers, 

offering additional potential for cell and metabolic optimization. 

Another means to enhance the space-time yield of a reaction and volumetric titer of a 

product is the increase of the biocatalyst concentration. This is in case of photosynthetically 

active cells a critical point as it is a challenge to supply cells in high-density cultivations with 

the energy source, i.e. light. One concept aims at maximizing the cell concentration by 

applying surface bound layers of the active cells in the form of biofilms in capillary 

bioreactors [137]. Consequently, the development of suitable cultivation technologies and 

strategies for photosynthetically active cells, enabling cost-efficient cultivation at high cell 

densities, is in focus of photo-biotechnological bioprocess research. Two main concepts are 

in focus: open systems and enclosed bioreactors [138, 139]. The first enable cost efficient 

cultivation of algal and cyanobacterial biomass in systems with a low degree of complexity 

and process regulation and lacks the applicability for genetically modified organisms (GMO) 

as biocatalysts. Closed bioreactors, in contrast, enable the use of GMOs and offer highly 

defined process conditions on the expense of high systems complexity, difficult upscaling 

characteristics and consequently high costs. Morweiser and coauthors review recent 

developments in photo-bioreactor design [140]. Suitable economically feasible large scale 

solutions are consequently a major challenge in photo-biotechnological bioprocess 

development. 

Systems biology for a knowledge driven strain and bioprocess development 

Rational and straight forward biocatalyst and reaction engineering relies on an in-depth 

knowledge about the cell, especially its metabolism and the underlying regulatory networks. 

Due to the complexity of a cell, we are still far away from a true rational strain and 

consequently bioprocess development. As seen in the previous sections, systems analysis of 

cells can accelerate biocatalyst development and enable a more targeted and rational 

optimization strategy [100, 131]. Such omics approaches are also more frequently applied in 

photo-biotechnology. Examples are the transcriptomics based improvement of the butanol 

tolerance of Synechocystis sp. PCC 6803 [112], the proteome analysis of lactate and ethanol 

producing Synechocystis sp. PCC 6803 strains [141], and the C-13-based metabolic flux 
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analysis and in silico analyses to understand the quantitative metabolism of cyanobacteria in 

order to find future optimization targets [142-147]. 

However, quantitative physiology data of phototrophic organisms is scarce. One reason for 

that is the underlying complexity in phototrophic cell cultivation. Two different main 

substrates determine growth: carbon dioxide and light. During batch cultivation, the 

availability of light and carbon is permanently changing, resulting in cellular responses 

according to the environment and a characteristic growth curve reflecting the substrate 

limitation (light limitation due to shading and carbon limitation due to insufficient carbon 

intake into the medium) in form of a linear growth after rather a short exponential growth 

phase (Fig. 1.3 [148, 149]). 

 

Figure 1.3: Growth phases of Synechocystis sp. PCC6803 as proposed by Schuurmans and coauthors 

Figure taken from [148]. 

In chemotrophic strain and process development, the exponential growth phase is used to 

gain quantitative insights into cellular rates and thereby cellular capabilities. This is possible 

as the cells can be assumed to be in a pseudo-steady state under unlimited substrate 

availability. Due to the character of light supply from outside the cultivation vessel, this is 

not true for phototrophic cells as increasing cell density causes self-shading effects. While 

this is not a substantial issue in the investigation of qualitative biological questions, it hinders 

a systematic and quantitative understanding of phototrophic metabolism, where well-

defined and reproducible environmental conditions are required to achieve steady 

metabolic states. This was recognized in the community and yielded in an increasing number 

of quantitative studies to characterize systematically phototrophic metabolism. This includes 

the systematic and quantitative investigation of media components on the growth of 
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Synechocystis sp. PCC 6803 [150, 151], and the characterization of physiological parameters 

in steady states by applying (semi-) continuous cultivations [152-154]. 

Phototrophic metabolism 

The photoautotrophic metabolism can be considered as an interconnected system with the 

two modules carbon fixation and carbon metabolism (dark reactions, blue color in Fig. 1.4) 

and energy and reduction power generation (light reactions, orange color in Fig. 1.4), which 

are linked by the cofactors NAD(P)H and ATP (green color in Fig. 1.4) [155, 156]. 

The biochemical energy and electron carrier ATP and NAD(P)H are regenerated by the 

photosynthetic light reactions, which take place in the thylakoid membranes. Photons are 

absorbed by photoactive pigments, mainly chlorophyll a (chla), carotenoids and phycobilins, 

and transferred to the reaction center of photosystem II (PSII), where a chlorophyll molecule 

(P680) is excited [156]. The excited electron is transferred to plastoquinone QB. The electron 

hole at P680 is in turn filled with an electron gained from water oxidation in the water 

oxidation center (WOC). Reaction products are O2 and protons, from which the latter 

contribute to the thylakoid proton gradient.  

 

Figure 1.4: Simplified scheme of the photoautotrophic metabolism of a cyanobacterial cell. 

Absorbed photons fuel the “light reactions” of photosynthesis (the source side of 

photosynthetically active cells, orange). The energy is used to regenerate ATP and the electrons 

from the water splitting reaction are transferred to NAD(P)+. NAD(P)H and ATP are used to fuel 

metabolic reactions (green), mainly cell maintenance and nutrient assimilation such as nitrogen 

and carbon, and for biomass formation (the sink side of photosynthetically active metabolism, 

blue). 

The electrons from water oxidation are channeled from QB over the plastoquinone pool (PQ) 

through complex III (cytochrome b6f complex) to plastocyanine (PC) and finally to PSI, where 

they are excited at the chlorophyll P700 and finally transferred to ferredoxin (Fd), which 
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serves as the main hub to distribute the photosynthetically derived electrons [157]. The 

whole pathway is referred to as the photosynthetic electron transport chain (ETC). Overall, 

different electron fluxes within the ETC can be distinguished: i. the linear electron flux (LEF), 

ii. alternative electron fluxes (AEF), and, iii. non-photosynthesis related respiratory electron 

fluxes. The AEF can be distinguished in the cyclic electron flux around PSI (CEF) and non-

cyclic alternative electron fluxes (ncAEF). 

LEF comprises electrons gained from water oxidation which are channeled to metabolic 

electron acceptors, either via NADPH/H+ or directly via Fd. The main electron sinks are the 

Calvin-Benson cycle, which facilitates the carbon assimilation, and other nutrient 

assimilation and reduction processes such as nitrate assimilation (Fig. 1.5). The CEF 

represents a shortcut from Fd back to cytochrome b6f, resulting in a cyclic electron flux 

around PSI (Fig. 1.5). The energy which is generated in that cycle contributes to the proton 

gradient across the thylakoid membrane. The proton gradient fuels the regeneration of ATP 

in the ATPase. In contrast to the CEF, where electrons are cycled around PSI, ncAEF relies, as 

the LEF, on electrons gained from water splitting. Therefore, the sum of ncAEF and LEF 

equals the PSII, or water splitting, rate. However, ncAEF are characterized by the fact that 

other final electron acceptors, typically O2, are used and as a consequence, those electrons 

are not biochemically available via Fd or NAD(P)H/H+ for metabolic reactions. The main 

ncAEF is the Mehler reaction (or Mehler cycle) [158]. In that reaction, electrons gained from 

water splitting reduce O2 at photosystem I. As water functions as electron donor and end 

product of the Mehler reaction, it is also referred to as water-water cycle. In cyanobacteria, 

Mehler-like reactions are considered as the main ncAEF (reviewed in [159]), constituting up 

to 20% of the electron flux from PSI in Synechocystis sp. PCC 6803 under carbon excess 

conditions, and under carbon limited conditions even 50-60% of the photosynthetically 

evolved O2 were reduced [160]. Here, electrons are either transferred directly from PSII to 

the Flv2/4 system, which mediates a transfer to an unknown final electron acceptor (hints 

point to O2 as acceptor under certain environmental conditions [161]), or from NADPH to 

Flv1/3, which catalyzes also the reduction of O2 [162, 163]. All ncAEF have in common that 

they do not contribute to NAD(P)H regeneration, but to the proton gradient and 

consequently to ATP regeneration. 

From Fig. 1.4 and 1.5 can be seen that a phototrophic cell has a “sink” and a “source” side of 

metabolism. The source-side comprises the water oxidation as electron generating reaction 
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and the electron fluxes, which are contributing to the generation of ATP. The sinks, on the 

other hand, comprise all acceptors after PSI for the photosynthetically derived electrons and 

ATP (Fig. 1.5). It is necessary to balance the electron and ATP generation according to the 

availability and capacity of the respective sinks and sources. In general, a photosynthetically 

active cell is considered to be limited by metabolic constraints to fully exploit the light 

energy, in other words, the photosynthesis is sink limited [164, 165]. Excess electron 

generation can lead to severe cell damages, known as photo-inhibition and -toxicity. To 

prevent excess generation of electrons, the AEFs play a central role, as they function as 

electron futile pathways (Fig. 1.4). If the metabolic sinks are getting limiting, for example due 

to a reduced carbon fixation and a respective reduced nutrient assimilation rate, excess 

NAD(P)H/H+ could be used by Flv1/3 or electrons could be quenched in the Mehler reaction. 

If, on the other hand, an excess PSII rate yields in an over-reduced ETC, the Flv2/4 valve 

might relieve the electron pressure. Other measures are the downregulation of the 

photosystems and the light uptake [164]. 

 

Figure 1.5: Photosynthetic electron fluxes and main metabolic electron sinks. See text for details 

(modified from [166]). 

Another important function of the AEFs is the balancing of the NAD(P)H/H+ and ATP 

regeneration rates. The LEF does not provide ATP and NAD(P)H/H+ in a sufficient ratio to fuel 

all metabolic processes [167]. Instead, additional ATP has to be provided. This is facilitated 

by optimizing the flux ratios of LEF, ncAEF and, most importantly, the CEF. 
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Quantitative physiology in the context of the sink hypothesis 

As discussed before, systematic and quantitative approaches are shifting into the focus of 

photo-biotechnological studies and were already successfully applied to fill knowledge gaps 

or revise old assumptions. An example is the ongoing debate on the functional modes of the 

TCA cycle. While it was believed long time that cyanobacteria, including the model organism 

Synechocystis sp. PCC 6803, have a dysfunctional cycle due to the lack of the 2- oxoglutarate 

dehydrogenase complex (OGDH). However, recent metabolic modelling approaches and 

considerations indicate that diverse metabolic bypasses might result in a functional TCA 

cycle [143]. This demonstrates that a systematic and quantitative analysis of cyanobacterial 

metabolism, or the cells in general, can help to solve old questions in cyanobacterial 

research. 

Another fundamental knowledge gap is the limited knowledge regarding the physiological 

responses of a phototrophic cell to a biocatalytic reaction. As seen in the previous section, 

the cell is permanently balancing the energy and electron supply in dependency of the 

available light and the maximum rate of metabolic sinks (growth, Calvin-Benson Cycle and 

other nutrient assimilation and reduction). Under light saturating conditions, which are 

predominant in nature, the photosynthesis has to be downregulated and a significant share 

of absorbed light energy has to be dissipated so that the cell is not flooded by excess 

electrons (Fig. 1.6, [164, 165]). 

 
Figure 1.6: Photon usage in a phototrophic cell in dependency of the light availability. While the 

absorption of photosynthetically active radiation (PAR) depends on the photon flux, is the actual 

photon usage constrained by the availability of metabolic sinks, i.e., carbon fixation and nutrient 

assimilation. All absorbed radiation exceeding this capacity has to be dissipated in order to prevent 

cell damage due to excess electrons and ROS. For that, different mechanisms have developed, 

including AEF for reducing LEF and quenching to reduce the photon flux guided to the reaction 

center of PSII. Figure taken from [164]. 



19 

A biocatalytic reaction is in principle nothing else than an artificial additional sink, i.e. 

electron acceptor and/or carbon valve (Fig. 1.7). Consequently, the question arises if such an 

additional sink can relieve the sink limitation, resulting in enhanced photosynthesis rates. On 

the other hand, one can ask the question if the theoretical surplus in electron availability can 

directly be exploited for productive reactions in photo-biotechnology or if and what 

regulatory mechanisms obstruct such exploitation. 

 

Figure 1.7: Simplified scheme of the photoautotrophic metabolism of a cyanobacterial cell. A 

heterologous reaction functions as an electron and/or sink and competes with natural, metabolic 

sinks. According to the photosynthesis sink limitation, such sinks should have the potential to 

relieve this limitation and enable increased photosynthesis rates. 

Indeed, distinct physiological responses to the additional sink were observed in many studies 

focusing on the engineering of cyanobacterial cells for the production of carbon-based 

products. In some cases, cells with an additional carbon sink showed in comparison to 

respective wild-type strains increased photosynthetic rates (oxygen evolution and effective 

quantum yield at PSII) [70, 72, 168-170]. In a few other cases, not only a stimulated 

photosynthesis was registered, but furthermore even enhanced carbon fixation rates [65, 

70-72, 170-172]. 

Quantitative physiological data on an additional electron sink is not available due to the lack 

of suitable electron sinks, i.e. biocatalytic reactions mediated by an electron demanding 

enzyme. The only hint is an observed increased quantum yield and maximum electron 

transport rate in a recombinant Synechococcus PCC 7002 expressing the mammalian 

cytochrome P450 CYP1A1 [169]. 

Knowledge about the physiological responses of a phototrophic cell would provide an 

understanding of the cellular limits (Which electron and carbon withdrawal rates are 
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achievable?) and responses to such sinks would provide new targets for a rational and more 

efficient strain and process development. Consequently, the systematic and quantitative 

investigation of such responses, in literature referred to as carbon sink effect, was identified 

as a main target in cyanobacterial research [173]. 

Synechocystis sp. PCC 6803 as a model organism in photo-biotechnology 

Most studies in the field of photo-biotechnology, that is the rational design and use of 

phototrophic microorganisms, are conducted with the unicellular work-horse Synechocystis 

sp. PCC 6803 (Fig. 1.8). The genome of Synechocystis sp. PCC 6803 was the first 

cyanobacterial, and the third overall, to be sequenced [174]. It should be noted at this point 

that lab evolution of Synechocystis sp. PCC 6803 generated a variety of sub-strains with 

different geno- and phenotypes [175-177]. This complicates the transfer of knowledge and 

comparability between studies and hinders scientific progress in the field. Even in this thesis, 

two different wild-type strains were used: a type strain from the Pasteur strain collection, 

Synechocystis sp. PCC 6803 (ATTC-27184), and a wild-type strain originating from the Bhaya 

Lab from the University of Stanford (USA), Synechocystis sp. PCC 6803 (Stanford). 

 

Figure 1.8: Microscopic picture of Synechocystis sp. PCC 6803 under bright field conditions. 

The early availability of its genome sequence set the starting point for this organism towards 

becoming a photosynthetic unicellular model organism. A rich genetic manipulation toolbox 

was developed and established for cyanobacteria and Synechocystis sp. PCC 6803 in 

particular [133, 178-185] which allowed in the following to gain significant knowledge on 
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genome [186, 187], metabolic network and fluxome [143, 145, 146, 188-190], proteome and 

transcriptome level [191, 192]. Today, it is even considered as the green E. coli [193, 194]. 

Synechocystis sp. PCC 6803 was selected as model organism in this study as it is, as seen 

above, well characterized and already widely used as model organism in photosynthesis and 

photo-biotechnological research.  
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Scope of this thesis 

The goal of this thesis was to establish an integrated cultivation and analysis platform to 

systematically access quantitative physiology data of photosynthetically active Synechocystis 

sp. PCC 6803. Lacking quantitative physiology tools were identified as a major limitation in 

photo-biotechnological catalyst and bioprocess development. Especially quantitative data on 

the physiological response of photosynthetically active cells to a biocatalytic reaction, that is 

carbon or electron withdrawal, is scarce. Angermayr and coauthors addressed the need to 

understand such effects very clearly: a precise and quantitative analysis of the carbon sink 

effect and its molecular basis is highly desired to apply it systematically to cyanobacterial 

biotechnology [173]. 

This thesis follows that call and describes a framework to cultivate photosynthetically active 

cells under defined conditions, to establish steady metabolic states, and to characterize 

major physiological parameters allowing electron and photon balancing.  

In the second chapter, the developed framework was applied to evaluate physiological 

changes induced by nitrogen sources differing in their reduction degree and thereby 

assimilation costs. Such nutrient assimilation was found to constitute a major cellular 

electron sink with the potential to cause sink effects. 

In the third chapter, the carbon sink effect is systematically investigated under different 

environmental conditions. For this purpose, lactate synthesis was chosen as a model system. 

The carbon sink effect was found to depend strongly on light and CO2 availability. 

Chapter 4 describes the quantitative characterization of photosynthetically active cells 

catalyzing a P450 mediated biotransformation on bioreactor scale. This study gave insights 

into the interaction between physiology, reaction conditions, and biocatalysis-related 

electron withdrawal (electron sink). 

Finally, the outcomes of the thesis are discussed in a wider context in chapter 5, followed by 

a conclusion and outlook on future developments in chapter 6.  
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Abstract 

Cyanobacteria are ideal model organisms to exploit photosynthetically derived electrons or 

fixed carbon for the biotechnological synthesis of high-value compounds and energy carriers. 

Much effort is spent on the rational design of heterologous pathways to produce value-

added chemicals. Much less focus is drawn on the basic physiological responses and 

potentials of phototrophs to deal with natural or artificial electron and carbon sinks. 

However, an understanding of how electron sinks influence or regulate cellular physiology is 

essential for the efficient application of phototrophic organisms in an industrial setting, i.e., 

to achieve high productivities and product yields. 

The physiological responses of the cyanobacterium Synechocystis sp. PCC 6803 to electron 

sink variation were investigated in a systematic and quantitative manner. A variation in 

electron demand was achieved by providing two N-sources with different degrees of 

reduction. By additionally varying light and CO2 availabilities, steady state conditions with 

strongly differing source-sink ratios were established. Balancing absorbed photons and 

electrons used for different metabolic processes revealed physiological responses to 

sink/source ratio variation. Surprisingly, an additional electron sink under light and thus 

energy limitation was found not to hamper growth, but was compensated by improved 

photosynthetic efficiency and activity. In the absence of carbon and light limitation, an 

increase in electron demand even stimulated carbon assimilation and growth. 

In conclusion, the metabolism of Synechocystis sp. PCC 6803 is highly flexible regarding the 

compensation of additional electron demands. Under light limitation, photosynthesis 

obviously does not necessarily run at its maximal capacity, possibly for the sake of 

robustness. Increased electron demands can even boost photosynthetic activity and growth.  
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Introduction 

The photosynthetic machinery is well conserved among phototrophic organisms. Cells are 

assumed to optimize energy and carbon utilization capacities for efficient biomass 

formation. Yet, recent studies revealed that only a minor part of the light available and 

absorbed by the cells is actually used for biomass formation. Even micro-algal cells, which 

are considered to be more efficient compared to plant cells (compare [195] and references 

therein), display a poor light efficiency. This is believed to be a consequence of the general 

sink limitation of photosynthesis when the cells are exposed to a surplus of light [164, 165, 

196-200]. The kinetics of biomass formation depends on a rate-limiting metabolic step or a 

developmental process during cell growth. Among others, these can be replication and cell 

division rates, the carbon fixation capacity, diffusion processes within the cell, or limiting 

nutrient or energy availability [164, 195]. Any absorbed light energy exceeding the metabolic 

sink demands or sink utilization capacity has to be dissipated to prevent cellular damage and 

photoinhibition. Thus, phototrophic microorganisms continuously balance the cellular 

source/sink ratio of energy assimilation (light harvesting and photosynthetic electron flux) 

and the metabolic energy demand (mainly for nutrient assimilation and biomass formation) 

under changing environmental conditions. A phototrophic cell can be forced into an 

unbalanced state by, e.g., sudden light limitation, excessive irradiance, nutrient limitation, or 

a combination thereof. Phototrophs possess a number of mechanisms to react to such an 

unbalanced state on short-term, including non-photochemical quenching and alternative 

electron quenching pathways as for example Mehler and Mehler-like reactions (reviewed in 

[158, 159]). On the long term, a new balance is reached mainly by the adjustment of the 

Chla content, the reduction of PSII rates, the variation of the PSI to PSII reaction rates, the 

regulation of the cellular RubisCO content, and changes in carbon allocation (reviewed in 

[164, 196-200]). Cyanobacteria possess a variety of alternative electron sink pathways 

mediated by, e.g., flavodiiron proteins [162, 163]. This indicates that cyanobacteria strongly 

rely on alternative electron sinks such as O2 to cope with unbalanced and suboptimal growth 

conditions as described above. Such dissipation of photosynthetic energy restricts the 

quantum use efficiency of photosynthetic biomass formation. 

During recent years, microalgae and particular cyanobacteria gained increasing attention as 

catalysts for the synthesis of (fine) chemicals and fuels ultimately from CO2 in climate-

friendly processes to replace fossil resources (for comprehensive reviews see [61, 132, 173, 
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201]). In addition, the direct draining of photosynthetically activated electrons derived from 

water splitting for biotransformations (examples are [83, 84, 86, 169, 202-205]) and 

ultimately hydrogen production (reviewed in [43, 44]) constitutes an interesting approach 

for a future bioeconomy. These approaches, however, depend on answers to the following 

questions: What is the true (biological) potential of phototrophic cells? How can we exploit 

this potential more efficiently for biomass or product formation? To answer these questions, 

we need to understand the mechanisms and general metabolic concepts determining the 

regulation of the light reaction and general cell physiology by a (metabolic) sink. It is widely 

accepted that photosynthesis is highly sink-limited. Metabolic sinks/processes or nutrient 

availability are limiting, if light is available in excess [164, 165]. The main hypothesis is that 

additional sinks have the potential to relief this limitation and unleash higher photosynthetic 

capacities. It was observed in cyanobacteria that additional electron/carbon sinks can indeed 

relief such a limitation to a certain extent and result in increased photosynthetic 

activity/efficiency and even elevated carbon fixation rates. This was shown inter alia for 

additional carbon sinks in cyanobacteria excreting 2,3-butanediol [171], glycerol [206], 

sucrose [72, 168], and isoprene [79], but also for the draining of photosynthetic electrons by 

electron demanding enzymes [169]. Despite of such findings indicating positive effects of 

sinks on photosynthesis efficiency, quantitative descriptions in terms of energy balances are 

not available. The focus so far has been set on the engineering of strains regarding 

enzymatic/cellular activities, product titer and formation rate, and strain stability. A deeper 

understanding is missing on how the cells balance metabolic sinks (biomass formation and 

product formation) with available resources (harnessing of light and photosynthetic electron 

activation) in the presence of additional sinks. 

Nitrate and ammonium constitute two nitrogen (N) sources with strongly differing degrees 

of reduction. In comparison to ammonium, nitrate requires eight additional electrons per 

assimilated nitrogen atom and thus represents a significant electron sink [207]. Phototrophs 

typically prefer the assimilation of ammonium when supplied with both nitrate and 

ammonium simultaneously [208-210]. Nitrate assimilation, as compared to ammonium 

assimilation, can thus be expected to have significant effects on cell physiology [211]. 

Surprisingly, growth rates and quantum yields upon cultivation with ammonium or nitrate as 

N-source did not give a consistent picture such as a higher quantum yield for growth with 

ammonium as N-source (reviewed in [207]). This could be due to secondary effects of 
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ammonium/ammonia, such as photo-damage at PSII, decoupling of cyclic and linear electron 

flow, or global regulatory effects [212-216]. 

In this study, we compared the assimilation of nitrate and ammonium based on a broad set 

of physiological parameters and photon/electron balancing [217-220]. This approach was 

followed to investigate long-term acclimation responses to differing electron demands in the 

model cyanobacterium Synechocystis sp. PCC 6803 (hereafter referred to as PCC6803) and 

included the analysis of three steady metabolic states based on differing source-sink (light-

CO2) availabilities. The respective experimental setup involved continuous bioreactor 

cultivation at low biomass concentrations and constant and defined environmental 

conditions. Thereby, this study sets a basis for future systematic analyses of electron sink 

effects on the physiology of PCC6803 and respective underlying regulatory mechanisms. 

Materials and Methods 

Bacterial strain and growth conditions 

A wild-type Synechocystis sp. PCC 6803 strain, in the following referred to as PCC6803, was 

used in this study. The strain was obtained from the Pasteur Culture Collection of 

Cyanobacteria (Paris, France) and stored as cryo-culture at -80°C in BG11 medium 

supplemented with 20% (v/v) DMSO. 

PCC6803 was cultivated in BG11 or YBG11. For cultivation on solid medium, BG11 according 

to Rippka et al. [221] was supplemented with 1.5% (w/v) agar and 0.03% (w/v) sodium 

thiosulfate. A modified YBG11 medium according to Kwon et al. [150] was used for liquid 

cultivations in shake flasks or bioreactors. For shake flask cultivation, YBG11 was 

supplemented with 50 mM HEPES and adjusted to pH 8.0 by titration with 10 M NaOH. For 

continuous bioreactor cultivations, YBG11 was supplemented with 2 mM HEPES and the 

respective nitrogen source and adjusted to pH 8.0 by titration with 10 M NaOH. Ammonium 

chloride or sodium nitrate was provided in a concentration of 17.8 mM. 

For the bioreactor experiments, PCC6803 was streaked out on BG-11 agar plates from cryo-

cultures and cultivated in a plate incubator (poly klima GmbH, Freising, Germany) at 

20 µmol photons m-2 s-1, 30°C and 75% relative humidity (rH). Emerging colonies were used 

to inoculate liquid pre-cultures in 250ml baffled flasks filled with 40 ml YBG-11, which were 

cultivated in a photoincubator equipped with LED panels (INFORS AG, Bottmingen, 

Switzerland) at 140 rpm, 30°C, 50 µmol photons m-2 s-1 and 75% rH. These cultures were 
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further used to inoculate flat panel bioreactors (Labfors 5 Lux, INFORS AG, Bottmingen, 

Switzerland) as described below. 

Bioreactor setup and conditions for continuous cultivation 

The experiments were conducted in a flat-panel airlift bioreactor system (Labfors 5 Lux, 

INFORS AG, Bottmingen, Switzerland, Switzerland) with controlled aeration rate (pressurized 

air or pressurized air enriched with CO2), illumination intensity, pH, and temperature. 

Besides light input, CO2 enrichment, and nitrogen source, all environmental parameters 

were kept constant. The reactors were operated at pH 8.0, controlled by 1 M sodium 

hydroxide and 15% (v/v) phosphoric acid addition, 30°C, and 0.5 vvm aeration, which was 

sufficient for mixing the cell suspension. Light was provided by a LED panel on one side of 

the reactor (Supplemental Information, Fig. S1). The other side of the reactor was covered to 

prevent environmental light to enter the reactor. 

The bioreactors were operated continuously, i.e. the biomass concentration was kept 

constant by providing fresh medium at the same rate as culture broth was removed. The 

initial dilution rate was set as the growth rate during the batch phase of the cultivation at 

the respective applied conditions and manually adjusted until the biomass concentration 

remained stable. The medium was pumped into the reactor with a peristaltic tube pump 

(IPC-series, ISMATEC, Cole-Parmer GmbH, Wertheim, Germany). The working volume was 

set to 1.8 l during the cultivations. The filling level was kept constant by pumping culture 

through a fixed efflux tube at the top of the reactors. The growth rate was derived from the 

dilution rate according to 

𝐷 = µ =
�̇�

𝑉
 

with a working volume of V=1.8 L and the feeding rate �̇�. 

Three different conditions were tested for both ammonium and nitrate grown cells: 

i. aeration with 1% (v/v) CO2 and a low light intensity of 65 µmol photons m-2 s-1 (LLHC), 

ii. aeration with 1% (v/v) CO2 and a high light intensity of 250 µmol photons m-2 s-1 (HLHC), 

iii. aeration with air and a high light intensity of 250 µmol photons m-2 s-1 (HLLC). As soon as 

the physiological parameters of the cells remained stable for at least a day, the cells were 

considered to be in a stable metabolic state and were characterized via photon/electron 

balancing as described below.  
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Determination of cell dry weight (CDW) and biomass concentration 

OD750 was measured in duplicates at least 14 times per steady state in a photo-spectrometer 

(Libra S12, Biochrom Ltd, Cambridge, Great Britain) at 750 nm. Samples for the 

determination of the biomass concentration were diluted to an OD750 between 0.1 and 0.3. 

The correlation between OD750 and cell dry weight (CDW) concentration was determined for 

each analyzed metabolic state independently as a mean of three independent measuring 

days. Fifty ml of cell suspension from the reactor were centrifuged (Centrifuge 5810R, rotor 

FA-45-6-30, Eppendorf AG, Hamburg, Germany) for 10 min at 10°C and 7000 g. The 

supernatant was discarded and the pellet washed with distilled water. After a second 

centrifugation step at the same conditions, the cells were resuspended in 0.5 ml distilled 

water and transferred to a glass tube. The cells were dried at 70°C until a constant weight 

was reached. The weight of the dry biomass was used to calculate the correlation factor 

between OD750 and CDW concentration. 

Estimating cellular composition 

Biomass composition was evaluated on the elemental level. The C/N ratio was analyzed in 

duplicates on three different measuring days for each metabolic state. Fifty ml were sampled 

from the reactor and centrifuged for 10 min at 10°C and 7000 g (Centrifuge 5810R, rotor FA-

45-6-30, Eppendorf AG, Hamburg, Germany). The supernatant was discarded and the pellet 

washed with distilled water. After a second centrifugation step for 10 min at 10°C and 

7000 g, the cells were resuspended in 1 ml distilled water and transferred to an Eppendorf 

cup. The samples were lyophilized (Freezone 2.5, Labconco, Kansas City, USA) and stored 

until further measurement. The measurement of the carbon and nitrogen content of the 

dried biomass was performed with a Vario EL Cube elemental analyzer (Elementar 

Analysegeräte GmbH, Langenselbold, Germany). 

Determination of the cellular Chla content 

The Chla content of the cells was determined spectroscopically for each metabolic state on 

three different measuring days. Three samples of a defined volume were centrifuged for 

10 min at 10000 g and 4°C (Heraeus Fresco 17, Thermo Scientific, Waltham, USA). The pellet 

was resuspended in 1.5 ml ice-cold methanol and homogenized in a bead-mill (Precellys 

Evolution, BERTIN Technologies, Saint Quentin en Yvelines Cedex, France) for 30 sec at 

8000 rpm. The homogenized cells were kept on ice for 20 min followed by centrifugation for 

10 min at 17000 g and 4°C (Heraeus Fresco 17, Thermo Scientific, Waltham, USA). The 
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absorption of the extract was measured at 666 nm against a methanol blank. The Chla 

concentration was calculated using the specific correlation factor of 79.95 l g-1 cm-1 [222]. 

Measurement of the effective quantum yield at PSII 

Fluorescence analysis was performed with a Multi-Color PAM [223] (Heinz Walz GmbH, 

Effeltrich, Germany) to determine the quantum yield at PSII (Y(PSII)), i.e. the number of 

quanta productively used within PSII for charge separation divided by the number of quanta 

absorbed. The effective quantum yield at PSII is defined as 

Y(PSII) =  
F𝑞

′

F𝑚
′ , 

with F𝑞
′  being the photochemical quenching of fluorescence by open PSII centers and F𝑚

′  the 

level of fluorescence when QA is maximally reduced and all PSII centers are closed [224]. 

This procedure is well established for algae [219, 224]. For cyanobacteria, Y(PSII) is 

considered to be underestimated due to additional fluorescence emission caused by the 

light harvesting phycobilisomes upon excitation [225-228]. To minimize this underestimation 

of Y(PSII), the analysis was modified, using 400 instead of 625 nm for the measurement light 

in order to avoid excitation of the phycobilins. White light was used as actinic light and for 

the saturation flash. A light induction curve (LIC) was recorded with increasing light 

intensities. Supernatant from the reactor was used to blank the basal fluorescence of the 

medium. Y(PSII) was interpolated for the light intensity provided in the bioreactor. 9-12 LIC 

were measured for each metabolic state. The measurements were conducted at least 

9 times per steady state (minimum 3 times per measuring day) on three independent 

measuring days. 

Determination of photosynthetic rates 

The photosynthetic capacity and activity of PCC6803 was characterized by determining the 

cellular quantum absorption rate (Qphar), the net O2 evolution rate (rO), as well as the 

maximum electron flux at PSII (rF) estimated from Y(PSII). These parameters were 

determined as described by Jakob et al. and Wagner et al. [217, 218]. rO and rF are given as 

O2 evolution rates. Qphar is given as a quantum uptake rate. 

Qphar can be estimated based on the emission spectrum of the LED panel of the reactor (see 

Supplemental information, Fig. S1) and the specific in vivo Chla-specific absorption spectrum 

of the cells. The theoretical background for the use of the Chla specific absorption 
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coefficient is described by Blache et al. [229]. The wavelength dependent Chla-specific 

absorption coefficient of the cells (see Supplemental Information 3, Fig. S3) is defined as 

𝑎∗(λ) = 2.3 ∙  
A(λ)

d ∙ c(Chl𝑎)
, 

with the wavelength-dependent absorption A of the sample, the conversion factor 2.3 for 

the transformation of log10 to ln, the path length of the cuvette d, and the measured chla 

concentration c(chla). The absorption spectra of the cells were measured with a dual beam 

spectrophotometer equipped with an adapter for dispersive samples to correct for light 

scattering (Zeiss M500, Carl Zeiss AG, Oberkochen, Germany). The absorption spectra were 

normalized to OD750. The emission spectra of the light sources were determined using a 

spectroradiometer (Tristan 4.0, m-u-t GmbH, Wedel, Germany). These two spectra form the 

basis for the calculation of the photosynthetically active quantum absorption rate Qphar (the 

wavelength-dependent Qphar is depicted in Supplemental Information 4, Fig. S4). According 

to Gilbert et al. [230], Qphar was estimated via the equation 

Q𝑝ℎ𝑎𝑟 =  ∫ 𝑄(𝜆) − 𝑄(𝜆)  ∙  𝑒−(𝑎∗(𝜆) ∙𝑐(𝐶ℎ𝑙a) ∙𝑑) 𝑑𝜆
700 𝑛𝑚

400 𝑛𝑚
 

with Qphar and Q standing for the photosynthetically absorbed quanta and the 

photosynthetically available quanta, respectively. 

The net O2 evolution rate rO in the different metabolic states was measured in triplicates on 

three different days using a Clark-type electrode (MI-730, Microelectrodes Inc., Bedford, 

USA). A LIC was performed, determining the O2 evolution rates at the cultivation light 

intensity and respiration rates in a following dark phase. The net O2 formation rate was 

calculated by correcting the measured O2 evolution rate for the corresponding respiration 

rate. 

The maximum electron flux through PSII rF, expressed as an O2 evolution rate, was estimated 

based on the measured Y(PSII) at the applied cultivation light intensity (see above) by 

applying the equation 

r𝐹 =  
𝑌(𝑃𝑆𝐼𝐼) ∙ 𝑄𝑝ℎ𝑎𝑟 ∙ 0.5 ∙ 0.25 ∙ 𝐶ℎ𝑙a𝐶𝐷𝑊

𝑑 ∙ 𝑐(𝐶ℎ𝑙a)
 

with d standing for the reactor vessel diameter and ChlaCDW for the specific chlorophyll 

content of the cells based on cell dry weight (CDW). The factors 0.5 and 0.25 account for the 
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assumptions that two quanta are required to feed one electron into the ETC and that four 

electrons are required to form one molecule of O2, respectively. 

The photosynthetic quotient PQ was determined for bioreactor samples by measuring the 

CO2 and O2 exchange rates in a respirometer (Biometric Systems, Weiterstadt, Germany) as 

described in Wagner et al. [218]. The carbon fixation rate was derived according to [231] 

based on PQ and was derived from the formula 

𝑟𝐶  [µmol d−1 𝑚𝑔𝐶𝐷𝑊
−1] =  

𝑟𝑂

PQ
. 

PQ, Qphar and rO were determined on three independent measuring days. 

Results 

Establishment of different metabolic states in PCC6803 by modulating source and sink 

availability 

This study aimed at the characterization of the physiological responses of PCC6803 to the 

replacement of the N-source ammonium with nitrate functioning as an additional electron 

sink. For this purpose, a photon/electron balancing approach was applied. This approach 

was used previously to investigate the physiological response and the metabolic electron 

partitioning in unicellular algae in response to changing environmental conditions [217-220]. 

For the reproducible characterization of cell physiology via a photon/electron balance, it is 

important to cultivate the cells under steady state conditions, i.e., constant and controlled 

environmental conditions, in a well-defined bioreactor setup. This included steady 

illumination and low turbidity to minimize self-shading. First, the cells were grown in batch 

mode up to an OD750 of approx. 0.5. Then, a feed with fresh growth medium was started and 

adjusted to maintain constant turbidity and thus cell concentration (turbidostat) for each 

experimental condition. The established steady state biomass concentrations did not exceed 

120 ± 4 mgCDW l-1 (Table 2.1). 

In order to investigate and quantify possible electron sink effects, three continuous 

cultivation conditions differing in electron source and sink availabilities were applied: i) Low 

light (LL) with excess supply of CO2 (1% CO2, HC) to induce light and thus source limitation, ii) 

high light (HL) with limiting CO2 supply (ambient air, LC) to induce an electron sink limitation, 

and iii) unlimited conditions with high light (HL) and excess CO2 supply (1% CO2, HC) 

(Fig. 2.1). Under the assumption that the cells objective is to maximize growth [232], the 

cells should operate at maximum light harvesting capacity and quantum efficiency upon light 
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limitation (LLHC). The additional costs for nitrate assimilation should consequently lead to a 

reduced growth rate as less electrons are available for carbon fixation in the Calvin-Benson 

cycle. Under HLLC conditions, which force the cells into a carbon dioxide limited state, 

nitrate, as compared to ammonium as N-source, can be expected not to affect the growth 

rate, but to cause an increase in light reaction activity to meet the higher electron demand. 

A similar behavior can be expected for the HLHC condition, which served as a reference 

condition. 

 

Figure 2.1: Metabolic states induced by the selected light and carbon dioxide availabilities. In the 

reference condition HLHC (high light and high carbon), light and carbon are supplied in excess 

(250 µmol photons m-2 s-1, 1% CO2). The cells can be expected to optimize resource utilization for 

optimal growth. Under HLHC conditions, growth is restricted by cellular limitations, i.e., saturation 

of metabolic pathways as for example the Calvin-Benson cycle or other molecular constraints 

(compare text). Limiting light availability and excess carbon dioxide supply 

(65 µmol photons m-2 s-1, 1% CO2, LLHC) will force the cells into an electron source limited 

metabolic state. In this case, the available light has to be exploited as efficiently as possible to 

achieve optimal growth. Growth is determined by the light harvesting capacity and PSII efficiency. 

If light is provided in excess, but carbon availability is limiting (250 µmol photons m-2 s-1, ambient 

CO2, HLLC), the cells are expected to reduce expenses for photosynthetic source utilization in order 

to optimize sink utilization. In both cases, LLHC and HLLC, cells are expected to respond with 

reduced growth compared to the HLHC reference state. 

Under unlimited HLHC conditions, when cellular processes and capacities are expected to 

limit growth, a constant growth rate of 2.45 d-1 was obtained, which, as expected, was the 

highest among the three conditions applied (Table 2.1). LLHC conditions resulted in a 47% 

reduced growth rate of PCC6803 compared to the reference HLHC condition (Table 2.1). This 

indicated that a light limitation was achieved, which was confirmed by the light induction 

curve (LIC, Fig. 2.2) showing that the photosynthetic oxygen evolution rate at the applied 

light intensity of 65 µmol photons m-2 s-1 was within the linear alpha slope (Fig. 2.2). The 
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specific chlorophyll a (Chla) content remained at a similar level as under HLHC conditions 

(Table 2.1). 

Table 2.1: Basic physiological parameters of PCC6803 under different steady conditions with 

ammonium or nitrate as N-source. 

 LLHC HLHC HLLC 

 NH4 NO3 NH4 NO3 NH4 NO3 

D 
[d-1] 

1.15 1.13 2.45 2.83 0.77 0.74 

X 
[mgCDW l-1] 

107 ± 10 111 ± 7 63 ± 1 58 ± 1 120 ± 4 91 ± 3 

c(Chla) 
[mgChla l-1] 

2.18 ± 0.29 2.64 ± 0.22 1.50 ± 0.07 1.63 ± 0.10 1.41 ± 0.09 1.05 ± 0.03 

ChlaCDW 

[µgChla mgCDW
-1] 

20.4 ± 4.6 23.8 ± 3.5 23.8 ± 1.5 27.7 ± 2.2 11.7 ± 1.1 11.5 ± 1.1 

Y(PSII) 
[-] 

0.50 ± 0.01 0.60 ± 0.01 0.34 ± 0.01 0.52 ± 0.01 0.16 ± 0.01 0.21 ± 0.03 

a*phy 
[m² gChla

-1] 
15.0 ± 0.8 14.0 ± 0.4 14.5 ± 0.1 15.2 ± 0.2 18.3 ± 1.3 17.9 ± 1.6 

Qphar 

[mmol quanta mgCDW
-1 d-1] 

1.28 ± 0.16 1.36 ± 0.09 6.20 ± 0.37 7.28 ± 0.59 3.56 ± 0.55 3.73 ± 0.38 

rF 
[µmol O2 mgCDW

-1 d-1] 
81.5 ± 10.8 102.3 ± 6.6 260.6 ± 23.0 469.4 ± 48.3 68.1 ± 7.4 108.3 ± 11 

rO 
[µmol O2 mgCDW

-1 d-1] 
28.9 ± 7.7 34.2 ± 7.9 84.5 ± 16.1 142.8 ± 21.2 39.9 ± 6.4 44.8 ± 4.9 

rresp 
[µmol O2 mgCDW

-1 d-1] 
7.7 ± 1.7 13.3 ± 3.0 19.7 ± 3.3 24.3 ± 4.5 5.2 ± 1.0 5.9 ± 0.4 

PQ 
[mol mol-1] 

1.8 ± 0.1 1.9 ± 0.1 1.5 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 

C/N 
[mol mol-1] 

4.67 ± 0.02 4.69 ± 0.13 4.61 ± 0.01 4.86 ± 0.07 5.23 ± 0.14 5.39 ± 0.14 

Mean values and standard deviations correspond to 3-12 samples (depending on the parameter, see 

Materials and Methods section) taken during at least 3 different days for the same metabolic state. 

LLHC, low light (65 µmol photons m-2 s-1) and high carbon (1% CO2) condition; HLHC, high light 

(250 µmol photons m-2 s-1) and high carbon condition (1% CO2); HLLC, high light 

(250 µmol photons m-2 s-1) and low carbon condition (ambient CO2); D, dilution rate equaling the 

specific growth rate µ in the respective steady state; X, biomass concentration; c(Chla), volumetric 

chlorophyll a concentration; ChlaCDW; biomass specific Chla content; Y(PSII), effective quantum yield 

at PSII; a*phy, Chla dependent absorption coefficient of the cells; Qphar, rate of quantum uptake; rF, 

fluorescence-based electron flux at PSII; rO, net O2 evolution rate; rresp, respiration rate; PQ, 

photosynthetic quotient defined by the ratio of O2 evolution and CO2 uptake; C/N, molar ratio of 

carbon and nitrogen in biomass.  
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The decrease of carbon dioxide supply from 1% to ambient air concentrations under HLLC 

conditions resulted in a strong decrease of the growth rate by 69% compared to HLHC 

conditions, which confirms the C- and thus sink limitation. As expected, the biomass-specific 

Chla content decreased by 50% compared to HLHC (Table 2.1). The cells decreased their 

absorption capacity, which also was reflected by the 50% decrease of the rate of absorbed 

quanta and the severely lower Y(PSII) in comparison to HLHC conditions (Table 2.1 and 

Fig. 2.3). 

 

Figure 2.2: Light induction curves (LIC) of PCC6803 under different sink-source availabilities. LICs 

were performed for cells grown in the conditions low light high carbon (LLHC, panel A), high light 

high carbon (HLHC, panel B), and high light low carbon (HLLC, panel C). See Materials and Methods 

section for further experimental details. 
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In conclusion, the three selected combinations of light and carbon availability forced the 

cells into three different sink-source balanced metabolic states. A clear physiological 

response to sink-source modulation without any effects of fluctuating light and short term 

adaption effects was achieved. The following sections describe in detail the impact of 

replacing ammonium with nitrate as an additional electron sink on the physiology of 

PCC6803 under these different sink-source balances. 

 

Figure 2.3: Quantum absorption rates Qphar (A) and effective quantum yields at PSII Y(PSII) (B) 

under different steady state conditions. PCC6803 was grown with ammonium (striped bars) or 

nitrate (white bars) as N-source under LLHC (low light high carbon), HLHC (high light high carbon), 

and HLLC (high light low carbon) conditions. Cells were cultivated in a bioreactor setup in a 

continuous (turbidostat) mode to achieve stable steady metabolic states. Light and carbon supply 

were varied in order to force the cells into different sink-source balances. The light intensity was 

set to either 65 (LL) or 250 (HL) µmol photons m-2 s-1, and carbon was supplied with ambient CO2 

concentration in air (LC) or air enriched with 1% CO2 (HC). Mean values and standard deviations 

were calculated for three different measurement days. See Materials and Methods for details on 

the measurements. 

Effect of an additional electron sink under source limitation 

Under source-limited conditions (LLHC), cell growth is restricted by the light availability 

fueling water splitting and thus the electron transport chain to regenerate NADPH and ATP. 

Consequently, the cells should possess a maximized light-harvesting capacity and the 

photosynthetic electron transport should operate at maximum efficiency at the given 

irradiance. Any additional electron sink is expected to consume electrons at the expense of 

the electrons available for carbon fixation and finally growth. We tested this hypothesis 

under steady state LLHC conditions with the supply of nitrate instead of ammonium as N-

source. 
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In contrast to the expectations, nitrate instead of ammonium supply did not affect growth 

and carbon assimilation rates (Table 2.1 and Fig. 2.4A). The light harvesting capacity is 

defined by the Chla dependent absorption coefficient of the cells (a*phy) and finally by the 

quantum absorption rate of the cells (Qphar). Cells fed by either nitrate or ammonium did not 

differ regarding specific Chla content and a*phy (Table 2.1), resulting in similar quantum 

absorption rates (Table 2.1 and Fig. 2.3A). This met the expectation that cells should display 

maximum light harvesting capacity in a light limited regime irrespective of the presence of 

an additional electron sink. It was further expected that the quantum efficiency Y(PSII), i.e., 

the efficiency of quantum usage at PSII for photochemistry, is maximized in LL and, 

consequently, should not be influenced by the different electron demand with nitrate and 

ammonium as N-source. Y(PSII), however, increased from 0.50 ± 0.01 to 0.60 ± 0.01, if 

nitrate instead of ammonium was supplied (Table 2.1 and Fig. 2.3A). The increased quantum 

efficiency in combination with the constant uptake of quanta (Qphar) resulted in increased 

photosynthetic rates. The net oxygen evolution rate (rO) increased by 18% and the 

fluorescence-based electron flux at PSII (rF) by 26% (Table 2.1). 

 

Figure 2.4: Molar carbon (rC, A) and nitrogen (rN, B) assimilation rates of PCC6803 under different 

steady state conditions. Cells were grown with ammonium (striped bars) or nitrate (white bars) as 

N-source under LLHC (low light high carbon), HLHC (high light high carbon), and HLLC (high light low 

carbon) conditions. Growth conditions are described in the legend of Fig. 2.3. Mean values and 

standard deviations were calculated for three different measurement days. See Materials and 

Methods for details on the measurements.  

In the next step, the metabolic sink capacity, i.e., the metabolic electron demand, and the 

photosynthetically provided electrons were calculated in order to gain a deeper 

understanding of the cellular sink-source balancing. Table 2.2 depicts the calculated cellular 

electron demand for biomass formation and electron fluxes in the electron transfer chain 
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(ETC) under the conditions investigated. The O2-based electron supply rate, rO,gross, was 

based on rO and corrected for the respective measured respiration rate (rO,gross = rO + rresp). rO 

and rresp were measured at the light intensity applied under the respective cultivation 

condition. The alternative electron flux (rAEF) was defined as the difference between oxygen- 

and fluorescence-based electron fluxes through PSII (rAEF = rF - rO,gross). The total electron 

demand was estimated from the N- and C-assimilation rates. Two assumptions were made: i) 

Eight additional electrons are required for the assimilation of one molecule of nitrate as 

compared to ammonium and ii) a minimum of 4 electrons is required for the assimilation 

and reduction of one molecule CO2. 

Table 2.2: Electron demands and supply in PCC6803 at the investigated sink-source ratios with 

ammonium or nitrate as N-source. 

 LLHC HLHC HLLC 

 NH NO NH NO NH NO 

rC 64 ± 10 71 ± 7 232 ± 37 342 ± 49 101 ± 18 111 ± 11 

rnitrate - 30 ± 4 - 141 ± 24 - 41 ± 6 

rD 64 ± 10 101 ± 11 232 ± 37 483 ± 74 101 ± 18 153 ± 17 

rO,gross 147 ± 6 190 ± 5 417 ± 13 668 ± 17 180 ± 6 203 ± 5 

rAEF 179 ± 17 219 ± 12 626 ± 36 1209 ± 65 92 ± 13 231 ± 16 

All rates are given in µmol electrons mgCDW
-1 d-1. Mean values and standard deviations were 

calculated for three different measurement days. See Materials and Methods for details on the 

measurements. The cellular electron demand (rD) was calculated from the electron demand for 

carbon fixation (rC) and nitrogen assimilation (rnitrate). The electron supply rate (rO,gross) is derived from 

the sum of rO and rResp. The alternative electron flux (rAEF) is calculated by subtracting rO,gross from the 

fluorescence-based electron flux (derived from rF). 

Under the LLHC condition, nitrate assimilation resulted in a significantly higher cellular 

electron demand (rD) of 101 ± 11 µmol electrons mgCDW
-1 d-1 compared to 

64 ± 10 µmol electrons mgCDW
-1 d-1 for ammonium fed cells. Accordingly, the nitrate 

reduction costs accounted for 16% of the oxygen-based electron supply rate at PSII, rO,gross. 

The net increase of rO,gross upon nitrate compared to ammonium assimilation (Table 2.2, 

Fig. 2.5) covered the additional net electron demand for nitrate assimilation. However, 

rO,gross was significantly higher than the calculated metabolic demand. This gap is a 

consequence of the assumption that the cellular electron demand is dominated by carbon 

and nitrogen assimilation. Other electron demanding processes, such as phosphor and sulfur 

assimilation, were neglected. The calculated electron demand thus constitutes a lower 

boundary. Simultaneously, the alternative electron flux rAEF increased by 22% with nitrate 
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instead of ammonium as N-source (Table 2.2). The alternative electron flux is partly used for 

ATP regeneration. A higher rate thus indicates a higher energy demand of the cells grown on 

nitrate, e.g., for active ATP-dependent nitrate import into the cells. 

 
Figure 2.5: Cellular electron demand and electron supply in PCC6803 under different steady state 

conditions. Rates are given in µmol electrons mgCDW
-1 d-1. PCC6803 was grown with ammonium 

(grey bars) or nitrate (white bars) as N-sources under LLHC (low light high carbon), HLHC (high light 

high carbon), and HLLC (high light low carbon) conditions. Growth conditions are described in the 

legend of Fig. 2.3. Photosystem II electron supply rates are derived from gross O2 evolution rates 

(rO,gross) and reflected by the entire column heights, whereas electron consumption rates for carbon 

(striped from lower left to upper right) and nitrate (striped from upper left to lower right) 

assimilation are shown as shares of the overall supply rates. Mean values and standard deviations 

were calculated for three different measurement days. See Materials and Methods for details on 

the measurements. 

In conclusion, the supply of nitrate as an additional electron sink unexpectedly resulted in an 

increased photosynthetic efficiency enabling an increase in photosynthetic electron supply. 

This was contrary to the hypothesized decrease in carbon assimilation and biomass 

formation under light limited conditions. 

Effect of an additional electron sink under carbon limitation 

In strong contrast to the LLHC condition, the HLLC condition does not involve a limitation by 

light (source), but by CO2 (sink). Under such C limitation, the cells have to balance their 

metabolism by reducing light harvesting and photosynthetic capacities and by the 

dissipation of excess energy. The additional electron demand for nitrate reduction can thus 

be covered by a higher but still submaximal PSII efficiency and electron supply without 

further negative effects on biomass formation. Nitrate reduction and biomass formation 

thus are not expected to compete for energy. 
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As expected, the growth rate under HLLC conditions was not affected by the additional 

electron demand for nitrate assimilation (µ = 0.77 and 0.74 d-1 with ammonium and nitrate, 

respectively, Table 2.1). Electron balancing indicated that reduction of nitrate consumed 

20% of the PSII-derived electrons (Table 2.2), which had to be provided in addition to the 

electrons required for C fixation. The cells met this additional electron demand by a 31% 

higher effective quantum efficiency at PSII (Y(PSII)). This resulted in a strong increase of rF by 

59% but only a moderate enhancement of rO by 12% (Table 2.1). Consequently, an increase 

of the alternative electron flux by a factor of 2.5 was observed under nitrate instead of 

ammonium supply (Table 2.2). It should be highlighted that nitrate instead of ammonium 

assimilation was not reflected by an increase in the quantum absorption rate (Qphar, Table 

2.1), but only by an increased quantum yield Y(PSII). 

In summary, the results under HLLC conditions met the expectation that an additional 

electron sink can be covered by the surplus light and thus energy available, without affecting 

carbon assimilation and cell growth. The cells did not show increased absorption but an 

increased quantum yield at PSII. 

Effect of an additional electron sink under excess sink and source availability 

Under HLHC conditions, the cells can be expected to maximize their carbon fixation capacity 

and thus growth. Following the hypothesis of a sink-limited photosynthesis [164, 165], the 

introduction of an additional electron sink should result in increased activity of the light 

reaction to cover the additional electron demand, whereas growth should not be affected. 

Surprisingly, the cultivation of PCC6803 under HLHC conditions with nitrate as N-source 

resulted in a 16% higher growth rate as compared to ammonium fed cells (Table 2.1). In 

contrast to LLHC and HLLC conditions, nitrate instead of ammonium supply resulted in a 

significant increase of both N- and C-assimilation rates (Fig. 2.4). Thereby, an enhancement 

of Qphar by 17% was accompanied by a strong increase of Y(PSII) by 53% and of the 

photosynthesis rates rO and rF by 69 and 80%, respectively (Table 2.1). 

The electron demand was doubled with nitrate instead of ammonium as N-source as a 

consequence of the increased N- and C-assimilation rates and the additional electron 

demand for nitrate reduction. This electron demand was covered by a strongly increased 

photosynthetic electron supply and was accompanied by an enhanced alternative electron 

flux (Table 2.2). The relative proportion of electrons required for nitrate assimilation (21%) 

under HLHC was comparable to those under LLHC and HLLC conditions. The C/N ratio in 
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biomass was similar under all conditions tested and did not significantly differ upon nitrate 

and ammonium supply (Table 2.1). 

Overall, cells of PCC6803 under HLHC conditions responded in an unexpected manner to 

nitrate assimilation as an additional electron sink, i.e., by a distinctive stimulation of growth 

(and consequently C- and N- assimilation) and photosynthetic rates. This indicates that 

metabolic activity is not only regulated by general source (light) and sink availabilities, but 

also by the type of electron sinks. 

Discussion 

Nitrate assimilation constitutes a significant electron sink in PCC6803 

In the present study, the physiological acclimation of the model organism PCC6803 to an 

additional electron sink was investigated at different source/sink ratios. The availability of 

source (light) and sink (CO2) was modulated to force the cells into differently balanced 

metabolic states. The assimilation of nitrate was employed as an additional electron sink and 

compared with cultures grown on ammonium as N-source. In contrast to other studies, in 

which ammonium was demonstrated to have negative and toxic effects in cyanobacteria by 

causing photodamage at PSII or interfering with the proton gradient in the thylakoid 

membrane [212-216], no negative effect of ammonium up to 50 mM on the growth pattern 

and phenotype of PCC6803 in shaking flask batch cultivations was observed (see 

Supplemental Information 2, Fig. S2). Nitrate assimilation consumed 16-21% of the 

photosynthetically produced electrons (based on rO,gross and the C/N content of biomass) 

under all experimental conditions. This corresponds to electron sink rates of 30 ± 4, 

141 ± 24, and 41 ± 6 µmol electrons mgCDW
-1 d-1 or, in biotechnological terms, 21, 98, and 

29 U gCDW
-1 under LLHC, HLHC, HLLC conditions, respectively. These rates are in the range of 

or exceed most published electron consumption rates of heterologous systems in 

cyanobacteria [83, 84, 86, 169, 202-205]. To our knowledge, higher electron withdrawal 

rates were only measured for an NADPH dependent alkane reduction mediated by an 

enoate reductase (123 and 246 U gCDW
-1 for the reaction and the electron consumption rates, 

respectively) [86]. Nitrate assimilation can, therefore, be considered a strong natural 

electron sink in PCC6803. Heterologous electron sinks have typically been introduced to 

establish a product formation concept. However, investigations on physiological responses 

to and cellular capacities for such biotransformations are largely missing so far [84, 202-204]. 

The cultivation and analytic setups developed in this study are suitable for this purpose. Such 
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studies will answer the question if the sink effects observed in this study are specific for the 

assimilation of different N-sources or more generally valid for electron sinks including 

productive recombinant reactions or pathways. 

PCC6803 can easily cope with additional electron sinks 

The physiological response of PCC6803 to an additional electron sink may depend on the 

actual source/sink ratio, to which the cells are exposed under different growth conditions. 

Source limitation resulted in slow growth combined with high photosynthetic efficiency. Sink 

limitation also resulted in slow growth with cells operating at low photosynthetic efficiency. 

Source-sink excess conditions resulted in fast growth combined with moderate 

photosynthetic efficiency. Thus, the light reaction obviously did not operate at maximum 

efficiency although the cells were not sink (carbon) limited. This indicates that other cellular 

processes limit growth rates. These observations are consistent with the source-sink balance 

hypothesis, stating that photosynthetically active cells balance light absorption efficiency 

and light reaction performance with other metabolic capacities (e.g., carbon concentration 

mechanism, Calvin-Benson cycle, anabolism) according to environmental source/sink ratios 

[165]. 

The cultivation of PCC6803 with nitrate as an additional electron sink generally resulted in 

increased effective quantum yields at PSII and light reaction rates irrespective of the 

sink/source availability (Table 2.1 and 2.2), whereas the absorptivity of the cells (a*phy) 

remained unaffected. Such an increase in the efficiency of the photosynthetic light reaction 

has previously been observed with either additional electron consuming reactions under 

HLLC-type conditions (200 µmol photons m-2 s-1 and ambient CO2) [169] or the synthesis and 

excretion of sucrose under HLHC-type conditions (100 µmol photons m-2 s-1, 2% CO2 

enriched air) [168]. Enhanced light reaction efficiency can be expected under HLLC and HLHC 

conditions, since the photosynthetic activity was not limited by light and thus source 

availability. Instead, sink availability or other metabolic capacities such as carbon 

concentration mechanism, Calvin-Benson cycle, or anabolism can be limiting [164, 165]. The 

increase of Y(PSII) as a response to nitrate assimilation under LLHC conditions was 

unexpected. The light reaction of photosynthesis is commonly assumed to operate at 

maximum efficiency under conditions of low light and excess carbon availability. Moreover, 

the results obtained contradict the view that nitrate reduction is a metabolic burden and 

should be avoided under light-limited conditions [233]. It can be concluded from the 
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presented results that the cells did not run their light reaction at maximum efficiency under 

LLHC conditions with ammonium as N-source. The cells are thus not operating their light 

reaction at maximum capacity, possibly for adaptions to dynamic changes in the availability 

of resources (such as N-sources). This would mean that cells sacrifice their full metabolic 

potential for a higher robustness in a dynamic environment. The introduction of nitrate as an 

additional electron sink obviously released further photosynthetic potential. It can be 

hypothesized that this phenomenon is connected to the increase in alternative electron 

fluxes and thus a changed ATP/NADPH ratio (see below). 

Another interesting observation was that the alternative electron flux increased in response 

to nitrate as an additional electron sink under all experimental conditions. This increase 

correlated linearly with the nitrate assimilation rate (Fig. 2.6). In principle, the electrons used 

for the stepwise reduction of nitrate to ammonium are derived from photosynthetic 

electron transport at the acceptor side of PSI. Therefore, nitrate reduction in cyanobacteria 

is light-dependent, and the requirement of eight electrons per molecule nitrate results in the 

evolution of 2 O2 molecules at PSII as shown before [234]. Increased O2 evolution with 

nitrate as N-source also was observed in the present study. The alternative electron flux, on 

the other hand, is calculated from the difference of fluorescence-based and O2-based 

electron flux at PSII. Alternative electron flux is thought to comprise electrons that re-reduce 

O2, e.g., Mehler and Mehler-like reactions. The Mehler-like reaction involves electron 

transfer via the flavodiiron proteins flv1/flv3 and flv2/flv4 to O2 [162, 163, 235, 236]. The 

flv1/flv3-mediated O2 reduction is an electron valve at the acceptor side of PSI. Thus, 

electrons derived from water splitting at PSII run through the entire photosynthetic electron 

transport chain (ETC) to end up on O2 again. The flavodiiron proteins flv2 and flv4, on the 

other hand, are discussed to accept electrons from the electron accepting plastoquinone 

pocket (QB) of PSII [163, 236, 237]. The electron acceptor of flv2/flv4 is not identified, but 

there are indications that O2 can be an electron acceptor at least under carbon limited 

conditions [161]. With O2 as electron acceptor, such electron fluxes over the thylakoid 

membrane involve the generation of 4 protons per O2 molecule formed on the thylakoid 

lumen side and the consumption of 4 protons per O2 molecule consumed on the cytoplasmic 

side. Thereby, and by a possible flux through the ETC as in case of flv1/flv3-mediated O2 

reduction, such alternative electron flux contributes to ATP synthesis via the proton gradient 

over the thylakoid membrane. This means that, due to the strong electron consumption for 
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nitrate reduction at the expense of NADPH and the enhanced alternative electron flux, an 

increase of the ATP/NADPH ratio under conditions with nitrate supply is plausible. The 

Calvin-Benson cycle requires an ATP/NADPH ratio of 3:2. The linear photosynthetic electron 

transport does not fulfill this requirement. Therefore, insufficient ATP supply is often limiting 

carbon assimilation by the Calvin-Benson cycle [238]. Given the increase in alternative 

electron flux at PSII upon substitution of ammonium with nitrate, the described electron flux 

over the thylakoid membrane at PSII may, beside cyclic photophosphorylation [165], 

contribute to the flexible adjustment of the ATP/NADPH ratio. Continuing this 

argumentation, the ATP/NADPH ratio under ammonium supply would limit the Calvin-

Benson cycle, even under source limited LLHC conditions, and nitrate supply would induce 

an optimized ATP/NADPH ratio. This could explain why the cells were able to supply the 

additionally required electrons for nitrate reduction under LLHC conditions by an increased 

photosynthesis rate with no negative effect on carbon fixation and growth. To confirm this 

hypothesis, it would be interesting to investigate on a systems level, including transcriptomic 

and proteomic analyses, how nitrate is capable to stimulate such alternative electron flux 

and ATP formation and if this phenomenon also is triggered by other artificially introduced 

electron sinks. 

 

Figure 2.6: Increase of alternative electron flux (delta rAEF) in dependence of the nitrate 

assimilation rate (rN). Delta rAEF corresponds to the difference in alternative electron flux with 

nitrate and ammonium as N-source. See Table 2.2 for rAEF`s with the different N-sources. Delta rAEF 

is plotted against the respective N assimilation rate (which corresponds to the increased electron 

demand for nitrate assimilation) under LLHC (low light high carbon), HLHC (high light high carbon), 

and HLLC (high light low carbon) conditions. The growth conditions are described in the legend 

Fig. 2.3. Mean values and standard deviations were calculated for three different measurement 

days. See Materials and Methods for details on the measurements.  
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An electron sink can stimulate light and dark reactions 

Another unexpected result was that nitrate instead of ammonium supply under HLHC 

conditions led to increased C- and N-assimilation and finally biomass formation rates. This 

was surprising since the HLHC condition was the condition with most degrees of freedom for 

metabolic balancing expected to enable growth maximization. The cultures indeed showed 

high growth rates, but obviously did not exploit their full growth potential with ammonium 

as N-source. As cell growth was not limited by light or carbon supply, the metabolic capacity 

of the cells obviously differed with the two N-sources, with a non-optimum ATP/NADPH 

ratio as a possible factor limiting metabolic rates and growth in the presence of ammonium 

(see above). The further stimulation of biomass production and carbon uptake as a result of 

an additional electron sink also was observed for cyanobacterial strains engineered to 

synthesize and secrete butanediol [171], sucrose [72] or isoprene [79]. Product formation as 

an additional sink for electrons and also carbon was proposed to relief a yet unspecified 

inherent metabolic limitation. The increase of biomass production upon provision of an 

additional electron sink is a novel observation but may be explained via the same line of 

argumentation. Cellular metabolism and particularly the activity of the Calvin-Benson cycle is 

regulated by the redox state of the cells. It can be hypothesized that electron withdrawal for 

nitrate reduction lowered the redox potential, e.g., the NAD(P)H/NAD(P) ratio and the 

oxidation state of the plastoquinone pool. Similar to vascular plants and algae [239], the 

plastoquinone pool is an important source for redox signals in cyanobacteria with direct 

impact on the establishment of a certain photo-acclimation state [240, 241]. Accordingly, a 

more oxidized plastoquinone pool rapidly initiates the transcription of PSII genes and finally 

increases O2 evolution at PSII. Thus, the observed increase in rates for the light reaction as 

well as the dark reaction upon nitrate supply in HLHC conditions may not only be due to the 

electron demand for nitrate reduction or a nitrogen source specific regulation mechanism, 

but also may reflect a new photo-acclimation state in response to a change in the redox 

state of the plastoquinone pool. 

Conclusion 

Overall, the presented data demonstrated a remarkable potential of PCC6803 to cope with 

additional electron withdrawal. The results indicate that electron sinks can be beneficial for 

overall cellular performance. Even a high electron demand can be covered by exploiting the 

inherently available potential of the non-limiting light reaction. Astonishingly, this also was 
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the case under light limiting conditions indicating that the capacity of the light reaction is not 

necessarily completely exploited under low light conditions. Moreover, an experimental 

setup was developed in this study, which is suitable to unravel changes in electron demand 

and electron supply in a quantitative manner. We are convinced that this setup is also 

applicable to production strains with an inherently high or elevated energy and electron 

demand. 
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Abstract 

Cyanobacteria are promising hosts for the heterologous synthesis of carbon-based products 

directly from CO2 and the direct harvest of electrons derived from photosynthetic water 

oxidation for biotransformations. Interestingly, many metabolic engineering studies 

observed that heterologous pathways stimulated photosynthetic activity, for example O2 

evolution rates, quantum efficiencies, and carbon fixation rates. Such effects are in literature 

widely discussed as carbon sink effect, but there is no clear definition of the carbon sink 

effect and the understanding of underlying mechanisms is poor. Such an understanding is 

however essential for a more rational engineering of cyanobacteria. We investigate the 

physiological response of Synechocystis sp. PCC 6803 SAA023 to lactate synthesis via a 

heterologous lactate dehydrogenase in comparison to a wildtype strain. Steady metabolic 

states were established via continuous cultivation involving excess supply of CO2 and light, 

light limitation, or carbon limitation. Interestingly, only under carbon limitation, lactate 

synthesis caused a distinct carbon sink effect, i.e., increased O2 evolution and quantum 

efficiency of Photosystem II, and an increased carbon fixation rate. The partitioning of 

carbon to lactate is not exclusively determined by the lactate dehydrogenase activity, but 

also by the metabolic state of the cell, i.e., its adaption to distinct light and carbon 

availabilities. Lactate as carbon sink lead to growth impairment if cellular metabolism was 

light limited or if the maximum carbon fixation capacity was reached. Furthermore, it is 

hypothesized that a carbon sink can stimulate carbon fixation by changing the cellular 

ATP/NAD(P)H balancing. 

This study emphasizes the potential to unleash yield and product formation rate 

improvement potentials by selecting appropriate growth/reaction conditions as well as by 

engineering the cellular redox and energy metabolism.  
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Introduction 

Cyanobacteria have the potential to contribute to a sustainable and fossil resource-free bio-

economy. Similar to plants, cyanobacteria are capable of utilizing CO2 and light as sources for 

carbon and energy, respectively. Regarding biotechnological applications, cyanobacteria 

exhibit, in comparison to higher plants, distinct advantages such as faster growth, higher 

yearly area based carbon fixation [195], genetic accessibility [185, 194] and reduced 

competition with agricultural land use [37]. 

Cyanobacteria have been engineered to synthesize a variety of molecules (reviewed by [173, 

242, 243]). Metabolic engineering allowed the synthesis of hydrocarbons [79, 172, 244, 245], 

fatty acids [246], organic acids [73, 134, 247], alcohols [69, 71] as well as sugars [72, 248] 

from CO2. Most of these studies focused on the optimization of the carbon partitioning into 

the product and the final product titer. One approach is the engineering of the Calvin-

Benson cycle to increase the carbon fixation rate and thereby the product formation rate 

[249, 250]. However, strain and process development are not yet as advanced as they are for 

heterotrophic organisms, for which more detailed physiological knowledge and 

development rules are available [100, 103, 131]. 

Two aspects have to be considered for productive photo-biotechnology. First, rational 

engineering of microorganisms requires a detailed understanding of basic modes and 

quantitative limits of the cellular metabolic fluxes [131, 251, 252]. Second, an integrated 

approach covering strain, reaction, and process engineering should be followed [101, 253]. 

The basis for both is an in-depth characterization and understanding of whole-cell 

biocatalysts under relevant reaction and process conditions. So far, research towards the 

application of cyanobacteria focused much more on metabolic engineering strategies than 

on quantitative physiology. However, the latter is required to answer two key questions: 

Which are the factors determining carbon fixation and product formation rates? How can we 

influence the carbon partitioning into the product? The systematic investigation of factors 

influencing cyanobacterial growth and product formation [148-150, 254, 255] and of the 

quantitative characterization of metabolism [152, 154, 256] just has been addressed 

recently. 

One open, yet widely discussed aspect is the so-called carbon sink effect. In some cases, 

cyanobacteria engineered for product formation from assimilated CO2 showed increased O2 

evolution rates and improved effective quantum yields of photosystem II (PSII) [70, 72, 168-
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170]. In a few cases, even an enhanced carbon fixation rate in comparison to the respective 

wild type strain was observed [65, 70-72, 170-172]. This was explained by the relief of a 

general electron sink limitation of the light reactions, of which the capacity under full 

sunlight is much higher than that of the electron consuming dark reactions, i.e., C-fixation 

[165]. Under high light conditions, the efficiency of the light reactions is down-regulated to 

prevent cell damage. Therefore, it is assumed that the addition of alternate electron 

consuming pathways can circumvent such downregulation and lead to enhanced 

photosynthetic efficiency and rates. Whereas photosynthetic water oxidation appears to be 

limited by C-fixation, the latter in turn depends on appropriate ATP supply. The linear 

electron flux (LEF) does not supply the Calvin-Benson cycle with sufficient ATP in relation to 

the NADPH generated [167]. Cells can modify the ATP/NADPH ratio via alternative electron 

fluxes (AEF) contributing to ATP but not to NADPH regeneration [158, 159, 167, 235]. Beside 

the cyclic electron flux around PSI, AEF also comprise non-cyclic electron fluxes, where 

electrons from water splitting are transferred e.g., to O2 instead of NADP+. It is discussed 

that heterologous sinks may contribute to cellular ATP and NADPH balancing, thereby 

enabling enhanced photosynthesis and carbon fixation rates [144, 170, 256]. As pointed out 

by Angermayr et al. [173], a detailed systematic and quantitative investigation of the carbon 

sink effect in cyanobacteria is needed. 

This study investigates the carbon sink effect in the model cyanobacterium Synechocystis sp. 

PCC 6803, by comparing the wild type with the lactate producing SAA023 strain [134, 135]. 

The SAA023 strain forms lactate from pyruvate via a heterologous lactate dehydrogenase 

depending on NAD(P)H as cofactor. Such alternative carbon withdrawal changes the cellular 

ATP/NAD(P)H demand. Whereas biomass and lactate feature a similar degree of reduction, 

biomass formation requires more ATP than lactate formation, as it is illustrated by the ratio 

of ATP and NADPH demands for biomass (2.13) and lactate formation (1.17) [144]. We 

combined a continuous cultivation approach, enabling reproducible and well-defined 

metabolic states, with a comprehensive quantification of cellular physiology in terms of the 

PSII rate, LEF and AEF, and carbon fluxes into biomass and product.  
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Materials and Methods 

Bacterial strains 

Synechocystis sp. PCC 6803 (originating from the Bhaya Lab, Stanford) and the lactate 

producing strain SAA023 harboring a lactate dehydrogenase were provided by 

Prof. Hellingwerf and Prof. dos Brancos from the University of Amsterdam, see details in 

[134, 135]. The strains were maintained as cryo-culture at -80°C in BG11 medium 

supplemented with 20% DMSO and freshly cultivated prior experiments. 

Growth conditions 

PCC6803 was cultivated as described before [256]. In short, BG11 [221] supplemented with 

1.5% agar and 0.03% sodium thiosulfate was used for agar plate cultivation, and YBG11 [150] 

for liquid cultivations. YBG11 was supplemented with 50 mM HEPES for shaking flask 

cultivations and 2 mM HEPES for bioreactor cultivations, respectively. The medium was 

adjusted with 10 M NaOH to a pH of 8.0. Standard cultivation conditions were 

20 µmol photons m-2 s-1, 30°C and 75% relative humidity (rH) in a plate incubator (poly klima 

GmbH, Freising, Germany) for agar plates, and 140 rpm, 30°C, 50 µmol photons m-2 s-1 under 

75% rH for shaking flask experiments and for bioreactor precultures (Multitron, INFORS AG, 

Bottmingen, Switzerland). 

Continuous cultivations were performed in flat-panel airlift bioreactors (Labfors 5 Lux, 

INFORS AG, Bottmingen, Switzerland) as described in [256]. Standard parameters were set to 

pH 8.0, 30°C and 1.0 vvm aeration (pressurized air or synthetic air enriched with CO2 when 

appropriate). Three different conditions were tested: i. light limitation (aeration with 1% CO2 

and low light intensity of 65 µmol photons m-2 s-1 (LLHC)), ii. excess supply condition 

(aeration with 1% CO2 and high light intensity of 250 µmol photons m-2 s-1 (HLHC)), iii. carbon 

limitation (approx. 0.05% CO2, considered as ambient, and high light intensity of 

250 µmol photons m-2 s-1 (HLLC)). The biomass concentration was kept constant by feeding 

fresh medium into the bioreactor with a rate equal to the growth rate at the respective 

conditions via a peristaltic pump (IPC-series, ISMATEC, Cole-Parmer GmbH, Wertheim, 

Germany). The filling level was kept constant by pumping culture through a fixed efflux tube 

at the top of the reactors. The growth rate was calculated from the dilution rate according to 

𝐷 = µ =
�̇�

𝑉
  

with a working volume of V=1.8 L and the feeding rate �̇� [
𝑙

𝑑
]. 
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Determination of cell dry weight (CDW), biomass concentration, C/N and Chla content 

Biomass, i.e. CDW-OD750 correlations, CDW and Chla content was determined as described in 

detail in [256]. CDW-OD750 correlations and Chla content were determined in triplicates, the 

C/N ratios in duplicate) for each measuring day (three days per condition and strain). OD750 

was measured at least four times per day. 

Measurement of the effective quantum yield at PSII and of photosynthetic rates 

The effective quantum yield and the photosynthetic rates were measured and calculated as 

described in [256]. A Multi-Color PAM [223] (Heinz Walz GmbH, Effeltrich, Germany) was 

used to determine the quantum yield of photosynthesis at PSII (Y(PSII)). The measurement 

light was set to 400 nm and white light was used as actinic light and for the saturation flash. 

A light induction curve (LIC) was recorded with increasing light intensities. The 

measurements were conducted at least 9 times per steady state (minimum 3 times per 

measuring day on three independent measuring days). 

The following photosynthetic parameters were determined as described previously [217, 

218, 230, 256]: the Chla-specific absorption coefficient of the cells (a*phy), the cellular 

quantum absorption rate (Qphar), the net O2 evolution rate (rO), as well as the maximum 

electron flux at PSII (rF). rO and rF are given as O2 evolution rates in mmol O2 gCDW
-1 d-1. Qphar is 

given as quantum uptake rate in mmol photons mgCDW
-1 d-1. 

To determine Qphar, the emission spectrum of the LED panel of the reactor (Supplemental 

information, Fig. S1) and specific in vivo chla absorption spectra of the cells were measured 

[230]. Absorption spectra were recorded by means of a dual beam spectrophotometer (Zeiss 

M500, Carl Zeiss AG, Oberkochen, Germany). The emission spectrum of the light source was 

determined using a spectroradiometer (Tristan 4.0, m-u-t GmbH, Wedel, Germany). 

For all steady state experiments, the net O2 evolution rate, rO, was determined using a Clark-

type electrode (MI-730, Microelectrodes Inc., Bedford, USA). For this purpose, LICs were 

recorded by determining O2 evolution and respiration rates under light and dark conditions, 

respectively (Supplemental information, Fig. S5). Gross O2 formation rates were calculated 

by correcting measured O2 evolution rates for corresponding respiration rates. The 

maximum electron flux through PSII, rF, expressed as an O2 evolution rate, was estimated 

based on the measured Y(PSII) at the applied cultivation light intensity (see above). Given 

Qphar and rO values represent averages of measurements taken on three different days. 
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Quantification of lactate and lactate production rate 

Lactate was quantified in the supernatant of the cell suspension. For that, approx. 0.5 to 

1.0 ml of cell suspension were centrifuged for 5 min at 17,000 g and 4°C (Heraeus Fresco 17, 

Thermo Scientific, Waltham, USA). The supernatant was stored at -20°C until further 

analysis. Lactate concentration was determined either by HPLC (Ultimate 3000 Series, 

Dionex, Thermo Scientific) equipped with an RI detector (Refractomax 520, Thermo 

Scientific) or an assay kit according to the suppliers instructions (MAK065, Sigma-Aldrich). 

For the quantification via HPLC, a HyperREZ XP Carbohydrate H+ column was used with 5% 

sulfuric acid as mobile phase at 40°C and a flow rate of 1.2 ml min-1. The lactate production 

rate is calculated based on the lactate concentration in the supernatant, the biomass 

concentration and the dilution rate with the formula 

𝑟𝐶,𝑙𝑎𝑐  = c(lac) ∗ D ∗  𝑋−1 

with: D, dilution rate = growth rate [d-1]; c(lac), C-mol based lactate concentration in the 

supernatant [mmol C l-1] and X, biomass concentration [g l-1] in the steady states. The rate is 

given as mmol C gCDW
-1 d-1. 

Calculation of carbon fixation rates and carbon partitioning 

The carbon fixation rate was calculated as a mean of three independent measuring days. For 

that, the biomass production rate rX [g l-1 d-1] was calculated with the formula 

𝑟𝑋  = D ∗ X  

with: D, dilution rate = growth rate [d-1] and X, biomass concentration during the steady 

states [g l-1]. 

The biomass-based carbon fixation rate rC,X can be derived by multiplying the biomass 

production rate and the relative carbon content, relC [%], based on C/N measurements: 

𝑟𝐶,𝑋  = 𝑟𝑋 ∗ 𝑟𝑒𝑙𝐶 

The specific carbon fixation rate is calculated as the sum of the biomass-based carbon 

fixation rate and the lactate formation rate: 

𝑟𝐶  = 𝑟𝐶,𝑋 + 𝑟𝐶,𝑙𝑎𝑐 

All carbon-based rates are given in mmol C gCDW
-1 d-1.  
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Results 

Effect of lactate formation as a carbon sink on cellular physiology of PCC6803 in batch 

cultivation 

In a first step, a Synechocystis sp. PCC 6803 wild-type strain and a respective strain 

engineered for lactate production, Synechocystis sp. PCC 6803 SAA023 (hereafter referred to 

as WT and SAA023, respectively) [134, 135], were characterized in order to investigate if 

lactate synthesis as a carbon (C) sink has an effect on the cellular physiology of PCC6803, i.e., 

on growth characteristics, effective quantum yield, and total carbon fixation rate. Growth 

and lactate formation patterns of WT and SAA023 at standard growth conditions 

(50 µmol photons m-2 s-1, 30°C, pH 8.0, baffled shaking flasks) are depicted in Fig. 3.1. 

Exponential growth was observed at the beginning of the cultivation (0 – 70 hours) when the 

cell density was low and nutrients were available in excess. In this time range, cells displayed 

high effective quantum yield at PSII (Y(PSII); 0.59 ± 0.01, Fig. 3.1A). After 71 hours of 

cultivation, a transition into a linear growth phase occurred due to limited light and/or 

carbon dioxide availability. Effective quantum yields decreased continuously with ongoing 

cultivation. The WT cultures did not accumulate any lactate. 

In comparison to the WT, SAA023 showed a prolonged exponential growth phase (until 120 

instead of 70 h, Fig. 3.1B). However, the exponential growth rate, calculated from 0 – 71.3 h 

(WT) and from 23.5 to 95 h (SAA023) of cultivation, was with 0.045 ± 0.001 h-1 almost 30% 

lower than for the WT (0.064 ± 0.002 h-1). SAA023 reached a significantly higher OD750 after 

220 h of cultivation and exhibited a 12% higher quantum yield during exponential growth. 

The decrease in effective quantum yield during linear growth was comparable for the two 

strains. After one week (169 h), the titer reached (2.6 ± 0.3 mM) was 3- [135] and 6.8-fold 

[134] higher than reported for the same strain before. After 220 h cultivation, a maximum 

lactate titer of 3.8 ± 0.4 mM was reached in SAA023. 

The carbon fixation rate decreased steadily for both WT and SAA023 strains, when the 

cultures reached the linear growth phase (Fig. 3.1C). From this point on, the SAA023 strain 

showed a higher C-fixation rate compared to the WT, which in the initial but not in later 

growth stages may be attributed to lower biomass concentrations and the resulting higher 

light availability per cell. The partitioning of fixed carbon incorporated into lactate, however, 

decreased already during exponential growth and then continued to decrease in parallel to 

the biomass formation rate. The highest specific lactate formation rate in the initial phase of 
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the cultivation (12.0 mmol C gCDW
-1 d-1) was almost 10-fold higher than described before by 

Angermayr and Hellingwerf [135] for the late exponential growth phase, but still did not 

reach the in vitro specific rate of 38.1 mmol C gCDW
-1 d-1 reported by the same authors. The 

additional carbon withdrawal by lactate formation obviously led to an extended higher total 

carbon fixation rate in the linear growth phase. 

 
Figure 3.1: Growth and lactate formation characteristics of PCC6803 WT (A) and SAA023 (B, C, D) 

strains during batch cultivation. Panels A and B show the courses of cell density (OD750), lactate 

concentration, and Y(PSII) (quantum yield at PSII). Panel C depicts the rates for total carbon 

fixation and its distribution into biomass and lactate production, whereas panel D gives the 

fraction of fixed carbon channeled into lactate in SAA023. Carbon partitioning is calculated based 

on the biomass and lactate formed between two sampling points. Cells were grown in YBG11 

medium under standard growth conditions (50 µmol photons m-2 s-1, 30°C, pH 7.8) in baffled 

shaking flasks. Averages and standard deviations for duplicate experiments are given. 

These variations in carbon fluxes are reflected in the carbon partitioning, i.e., the portion of 

total carbon used for lactate synthesis. A share of 13.0 ± 1.4% of the fixed carbon was 

channeled into lactate formation during the linear growth phase, which is more than twice 
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as much as reported before [134]. The carbon partitioning in the initial batch phase was 

even higher (28.2 ± 4.0%). In this stage, cells can be expected not to be limited by light 

and/or carbon. A growth phase dependent carbon partitioning was also observed by 

Angermayr and Hellingwerf (2013); in this case, it varied between 8 and 20% [135]. The 

increased carbon partitioning and the above mentioned increased lactate titer in comparison 

to earlier studies might be a consequence of the higher light intensity applied here (i.e., 50 

instead of 30 - 40 µmol photons m-2 s-1) and a better CO2 mass transfer due to the use of 

baffled flasks [257, 258]. 

In summary, the physiological response of PCC6803 to lactate synthesis can be considered 

exemplary for a carbon sink effect: enhanced quantum yield, improved biomass formation, 

and increased total carbon fixation in the linear growth phase were observed. The reduced 

exponential growth rate of the lactate producer can be explained by a competition of 

biomass and lactate formation for the fixed carbon. The growth phase dependent carbon 

partitioning indicates that PCC6803 responds highly dynamic to a carbon sink (lactate 

synthesis) in dependence to the changing conditions during batch cultivation. The source-

sink balance (light availability vs. metabolic sink capacity) of the cells seems to the main 

factor influencing the cellular response. This was further investigated systematically and 

quantitatively under different steady state conditions as reported below. 

Establishment of light or carbon limited steady metabolic states in continuous cultivation 

setups 

In order to investigate the carbon sink effect of lactate synthesis in a systematic and 

quantitative way, we determined carbon fixation and lactate formation rates as well as light 

reaction efficiency and biomass formation of PCC6803 under steady state conditions under 

different light and carbon availabilities. For this purpose, cells were grown in bioreactors in 

turbidostat mode as described previously [256]. Three different metabolic states were 

established and tested: i. light limitation, i.e., low light and high carbon availability (LLHC, 

1% CO2, 65 µmol photons m-2 s-1), ii. carbon limitation, i.e., high light and low carbon 

availability (HLLC, ambient-like CO2 (~0.05%), 250 µmol photons m-2 s-1), and iii. unlimited in 

carbon and light supply, i.e., high light and high carbon availability (HLHC, 1% CO2, 

250 µmol photons m-2 s-1). Under carbon and light excess conditions (HLHC), the growth rate 

is expected to be maximal. The growth rate is determined either by the capacity of 

metabolic pathways, availability of nutrients besides CO2, or molecular processes [164]. A 
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behavior according or between two scenarios is plausible in such a case: 1. Carbon fixation is 

not the growth limiting module. Thus, the biomass formation rate should remain constant 

and lactate should be synthesized additionally. This would result in increased rates for 

carbon fixation and light reactions. 2. The carbon fixation rate is growth limiting. Here, the 

cells would not be able to fix more carbon in total and consequently, the synthesis of lactate 

would compete with biomass formation for metabolically available carbon and energy 

resulting in a reduced growth rate. Under LLHC conditions light- and thus energy limitation 

was established and cells are expected to acclimate for optimal photon uptake and efficient 

quantum usage. An additional C-sink consequently should result in reduced growth, as no 

additional energy (ATP) and/or electrons (NADPH) can be made available by the light 

reactions. HLLC conditions lead to carbon limitation, and the available carbon is expected to 

be distributed between biomass and lactate formation. The total carbon fixation rate should 

remain unaffected. 

As expected, the highest growth rate of the WT was found under HLHC with 2.4 d-1 

(Table 3.1). In comparison, light (LLHC) and carbon (HLLC) limitation resulted in a 66% and 

53% reduced growth rate, respectively. The specific chlorophyll a (Chla [mgchla gCDW
-1]) 

content was approximately doubled for cells under LL in comparison to HL conditions 

(Table 3.1), indicating that the cells maximized their light-harvesting capacity. Accordingly, 

the highest effective quantum yield Y(PSII) (0.56 ± 0.01) was measured under light limitation 

(Table 3.1). Under HLLC conditions, the cells are limited by the availability of metabolic sinks 

which also limited the photosynthetic capacity and strongly reduced Y(PSII) by 25% 

compared to the unlimited HLHC state. 

All in all, the physiological parameters indicate that all applied growth conditions forced the 

cells into different metabolic states. The following sections describe the effects of carbon 

withdrawal mediated by a lactate dehydrogenase on the physiology of PCC6803 under the 

three selected growth conditions.  
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Table 3.1: Basic physiological parameters of the cyanobacterium Synechocystis sp. PCC 6803 WT 

and the lactate producer SAA023 in the investigated stable metabolic states. 

 Light limitation (LLHC) Excess supply (HLHC) Carbon limitation (HLLC) 

 WT SAA023 WT SAA023 WT SAA023 

D = µ 
[d-1] 

0.82 0.67 2.41 1.86 1.13 1.20 

c(Chla) 
[mgchla l-1] 

1.79 ± 0.02 2.17 ± 0.16 1.13 ± 0.14 1.28 ± 0.10 1.13 ± 0.14 1.18 ± 0.02 

ChlaCDW
 

[mgchla gCDW
-1] 

19.9 ± 0.7 19.4 ± 3.0 11.0 ± 1.8 10.8 ± 1.4 8.0 ± 1.2 8.7 ± 0.5 

Y(PSII) 
[-] 

0.56 ± 0.01 0.58 ± 0.01 0.44 ± 0.02 0.53 ± 0.01 0.33 ± 0.05 0.41 ± 0.02 

a*phy 
[m² gchla

-1] 
20.0 ± 0.3 17.7 ± 0.6 21.6 ± 2.1 20.0 ± 1.0 25.8 ± 1.4 24.6 ± 0.1 

Qphar 

[mmol quanta 
mgCDW

-1 d-1] 

1.63 ± 0.07 1.34 ± 0.26 4.25 ± 1.13. 3.55 ± 0.66 3.29 ± 0.76 3.38 ± 0.25 

rO 
[mmol O2 gCDW

-1 d-1] 
40.4 ± 5.0 32.7 ± 15.2 74.3 ± 21.1 72.6 ± 20.2 57.9 ± 17.4 62.8 ± 14.9 

rO,gross 

[mmol O2 gCDW
-1 d-1] 

53.1 ± 2.2 50.0 ± 9.1 91.5 ± 16.1 91.8 ± 15.3 65.6 ± 14.4 74.8 ± 11.1 

rF 

[mmol O2 gCDW
-1 d-1] 

114.8 ± 5.0 97.5 ± 17.9 232.8 ± 53.6 234.9 ± 42.8 134.4 ± 28.2 172.4 ± 19.2 

rresp 
[mmol O2 gCDW

-1 d-1] 
12.7 ± 2.8 17.2 ± 6.1 17.2 ± 5.0 19.1 ± 4.8 7.6 ± 3.0 12.0 ± 3.9 

C:N 
[mol(C) mol(N)-1] 

4.92 ± 0.03 5.44 ± 0.17 5.13 ± 0.08 5.42 ± 0.20 5.94 ± 0.50 5.50 ± 0.11 

Mean values and standard deviations correspond to 3-12 samples (depending on the parameter, see 

Materials and Methods section) taken during at least 3 different days for the same metabolic state. 

Three conditions were investigated: Light limitation (1% CO2, 65 µmol photons m-2 s-1; LLHC); excess 

condition (1% CO2, 250 µmol photons m-2 s-1, HLHC), carbon limitation (ambient CO2, 

250 µmol photons m-2 s-1, HLLC); D, dilution rate equaling the specific growth rate µ in the respective 

steady state; X, biomass concentration; c(Chla), volumetric chlorophyll a concentration; ChlaCDW; 

biomass specific Chla concentration; Y(PSII), effective quantum yield at PSII; a*phy, Chla normalized 

absorption coefficient of the cells; Qphar, rate of quantum uptake; rO, net O2 evolution rate; rO,gross, 

gross O2 evolution rate; rF, fluorescence-based electron flux at PSII expressed as O2 evolution at PSII; 

rresp, respiration rate; C:N, molar ratio of carbon and nitrogen in biomass.  
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The effect of lactate formation under light limitation 

Under light limitation (LLHC), lactate formation induced growth impairment as expected, 

indicating that lactate and biomass formation compete for the available energy. The growth 

rate decreased by 18% in comparison to the WT (Table 3.1). The total carbon fixation rate 

(rC) was not affected by the carbon sink and, in SAA023, was split up between biomass (rC,X, 

Fig. 3.2, and Table 3.2) and lactate formation at a rate of 4.9 ± 0.2 mmol C gCDW
-1 d-1. This 

corresponds to a carbon partitioning towards lactate of 15.7 ± 0.4% (Fig. 3.2 and Table 3.2), 

which is comparable to that found in the linear growth phase during batch cultivation (Fig. 

3.1 and 3.2). 

 
Figure 3.2: Carbon fixation rates in WT PCC6803 and lactate producing SAA023 strains under 

different growth conditions. For strain SAA023 the relative carbon partitioning into lactate 

formation is depicted by the values given in brackets. Cells were grown under excess condition 

(1% CO2, 250 µmol photons m-2 s-1, HLHC), light limitation (1% CO2, 65 µmol photons m-2 s-1; LLHC) 

and carbon limitation (ambient CO2, 250 µmol photons m-2 s-1, HLLC). 

To gain a deeper understanding on physiological changes in PCC6803 upon lactate 

formation, different photo-physiological parameters were investigated (Table 3.1). Thereby, 

rO,gross represents the measured net O2 evolution rate corrected for the respective 

respiration rate, whereas rF is calculated based on the fluorescence yield at PSII and Qphar 

and represents the O2 evolution at PSII not diminished by alternative electron fluxes (AEF) 

(rAEF = rF - rgross). Such AEF do not contribute to NADPH regeneration but do contribute to the 

formation of the proton gradient over the thylakoid membrane and thus ATP regeneration. 

Under light limitation, SAA023 showed a 18% lower Qphar than the WT, while both strains 

showed a similar Y(PSII) (Table 3.1). Whereas rO,gross was similar, rF and thus rAEF (given in 

mmol electrons gCDW
-1 d-1 in Fig. 3.3) were reduced by 15 and 23%, respectively, in SAA023 

compared to the WT. 
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In summary, carbon fixation was limited by light availability, and lactate formation competed 

with biomass formation for the fixed carbon, resulting in reduced growth of the lactate 

producer SAA023. Also, photon uptake and PSII rates were slightly reduced in SAA023 

compared to the WT cells. PCC6803 could not improve light harvesting and photosynthetic 

efficiency to enhance carbon fixation and to cover the carbon withdrawal for lactate 

formation. 

 
Figure 3.3: Alternative electron flux rAEF in wildtype (WT, grey bars) and lactate producing (SAA023, 

white bars) PCC6803 strain under different growth conditions. Cells were grown in a continuous 

turbidostat mode under excess conditions (1% CO2, 250 µmol photons m-2 s-1, HLHC), light 

limitation (1% CO2, 65 µmol photons m-2 s-1; LLHC) and carbon limitation (ambient CO2, 

250 µmol photons m-2 s-1, HLLC). 

Table 3.2: Carbon fixation rates and carbon partitioning into lactate of PCC6803 WT and SAA023 

when grown in the selected growth conditions. 

 Light limitation (LLHC) Excess supply (HLHC) Carbon limitation (HLLC) 

 WT SAA023 WT SAA023 WT SAA023 

rC,X 
[mmol C gCDW

-1 d-1] 
32.7 ± 3.1 26.2 ± 0.7 89.3 ± 4.8 69.4 ± 3.0 43.0 ± 5.1 45.3 ± 2.2 

rLAC 
[mmol C gCDW

-1 d-1] 
0.4 ± 0.1 4.9 ± 0.2 0.7 ± 0.1 15.6 ± 0.2 0.2 ± 0.1 12.8 ± 0.4 

rC 
[mmol C gCDW

-1 d-1] 
33.1 ± 3.1 31.1 ± 0.7 89.9 ± 4.8 85.0 ± 3.2 43.2 ± 5.2 58.2 ± 2.3 

CP 
[%] 

1.2 ± 0.2 15.7 ± 0.4 0.8 ± 0.1 18.4 ± 1.6 0.5 ± 0.1 22.1 ± 0.7 

Three conditions were investigated: Light limitation (1% CO2, 65 µmol photons m-2 s-1; LLHC); excess 

condition (1% CO2, 250 µmol photons m-2 s-1, HLHC), carbon limitation (ambient CO2, 

250 µmol photons m-2 s-1, HLLC); rC,X, carbon flux towards biomass formation; rC,LAC, carbon flux 

towards lactate formation; rC, total carbon fixation rate; CP, carbon partitioning, percentage of total 

fixed carbon channeled into lactate.  
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The effect of lactate formation under excess conditions 

As discussed before, a behavior according or between two scenarios can be expected upon 

lactate formation with excess light and carbon availability (HLHC): 1. Impaired biomass 

formation in case the carbon assimilation operates at its maximum or 2. Increased total 

carbon fixation enables a non-impaired growth rate and promotes additional lactate 

formation. 

Our experiments show that biomass formation rates of SAA023 were decreased by 23% in 

comparison to the WT, while the total carbon fixation rates were similar (Fig. 3.2 and Table 

3.2), following the sketched scenario 1. Similar to the LLHC condition, the quantum uptake 

rate Qphar was 18% lower in SAA023 than in the WT. In contrast to LLHC, the effective 

quantum efficiency Y(PSII) was increased by 20% in SAA023 compared to the WT (Table 3.1). 

As the improved Y(PSII) compensated the reduced Qphar, rF, as well as rO,gross and thus rAEF, 

remained similar (Table 3.1, Fig. 3.3). The C:N ratio of the biomass increased, but not as 

drastically as under light limitation. 

The results emphasize that, with excess carbon and light supply, carbon fixation was not 

increased upon the introduction of lactate formation as carbon sink. The assimilated carbon 

was consequently distributed between biomass formation and lactate synthesis with a 

partitioning into lactate of 18.4 ± 1.6% (Fig. 3.2 and Table 3.2). In conclusion, the missing 

positive effect of lactate formation on the total carbon fixation rate was similar to LLHC, 

whereas, in contrast to light limitation, an improved quantum efficiency but no change in 

LEF and AEF were observed. 

The effect of lactate formation under carbon limitation 

For lactate synthesis-related carbon withdrawal under carbon-limited growth conditions 

(HLLC), a competition between lactate formation and biomass formation for assimilated 

carbon was expected, which would lead to a reduced growth rate. 

Interestingly, the growth rate of SAA023 was similar to that of the WT (Table 3.1), and the 

overall carbon fixation rate increased compared to the WT by almost 35% (Fig. 3.2 and Table 

3.2). As much as 22.1 ± 0.7% of the fixed carbon was channeled into lactate formation 

without compromising growth. This represents the highest carbon partitioning into lactate 

among the three tested conditions. The cellular Chla content was similar, whereas Y(PSII) 

increased by 24% (Fig. 3.2 and Table 3.2). Despite a slightly reduced Qphar, this enhanced 
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Y(PSII) resulted in an increase in rO,gross and especially in rF and rAEF (Table 3.1 and Fig. 3.3), 

enabling increased carbon fixation. 

Under carbon limitation, PCC6803 unexpectedly was able to enhance the carbon fixation 

rate to enable lactate synthesis without decreasing the growth rate. This was enabled by 

increased photosynthetic efficiency and light reaction rates. It remains open, how carbon 

assimilation was increased under carbon limitation. 

Discussion 

Lactate synthesis as a C-sink and its impact on cellular energy metabolism 

The degree of reduction (DoR) of cyanobacterial biomass is estimated to be between 4.0 

[134] and 4.16 [259], which is similar to that of lactate with a DoR of 4.0. Consequently, on a 

C-mol basis, the same amount of electrons has to be spent for lactate and biomass 

formation from CO2. Lactate synthesis thus does not constitute an additional electron sink. 

Lactate synthesis, however, requires less ATP per fixed carbon compared to biomass 

formation, which involves ATP-intensive processes such as protein biosynthesis, DNA 

replication, cell division, and cellular maintenance. Compared to glyceraldehyde-3-

phosphate formation, lactate synthesis from 3-phosphoglycerate even saves two ATP 

equivalents [142]. In this way, cellular ATP and NAD(P)H requirements change 

disproportionally in dependence of the carbon partitioning between biomass and lactate 

formation. Consequently, the presence of the heterologous lactate dehydrogenase can lead 

to/ enable a rebalancing of cellular ATP and NAD(P)H demands as a response to resource 

availabilities. The reduction of the overall ATP demand per fixed C upon lactate formation 

can be considered a cause for the observed reduction in energy generating AEF under light 

limitation, whereas LEF and carbon fixation rate remained unaffected (Table 3.1 and 3.2, 

Fig. 3.3). A similar reduction of AEF upon lactate synthesis was not observed under high light 

conditions. This can be attributed to the excess availability of light which induces AEF as 

protection system, especially the Mehler-like reactions via flavodiiron proteins [159]. Non-

cyclic AEF through flv1/flv3 or flv2/flv4 or cyclic AEF around PSI contribute differently to 

proton gradient and thus ATP formation. Thus, similar AEF can lead to different ATP 

regeneration. Under excess light but limited carbon conditions, AEF even increased upon 

lactate formation. This may be a result of the higher carbon uptake rate at low carbon 

concentrations functioning as ATP sink [260]. A quantitative differentiation between non-
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cyclic and cyclic AEF would give further insights into cellular measures to balance ATP and 

NAD(P)H regeneration. 

Lactate formation rate and carbon partitioning are determined by the metabolic state 

The capacity for lactate synthesis from pyruvate via the recombinant lactate dehydrogenase 

has been proposed to be the main limitation in the SAA023 strain [135]. This conclusion was 

based on the observed enhancement of the lactate formation rate via improved ldh gene 

expression achieved via codon and promoter optimization and multiple cassettes as well as 

by optimization of the fluxes towards the precursor pyruvate [134, 135]. However, lactate 

formation rate and carbon partitioning were reported to vary over the course of batch 

cultivation. This is similar to the observations in the present study and indicates the 

importance of the metabolic state of the cell and the respective intracellular NAD(P)H, ATP, 

and precursor availabilities for lactate synthesis [135]. The carbon partitioning varied 

between 8 and 20%, which is comparable to the carbon partitioning between 12 and 28% 

observed here during batch cultivation (Fig. 1D). 

Similar changes in carbon partitioning were observed for other carbon sinks. The carbon 

partitioning towards 2,3-butandiol formation during the first days of batch cultivation varied 

by a factor of up to 4 [171]. An ethylene producer showed a dependency of the carbon 

partitioning on the cell density and consequently the light availability [75]. This indicates that 

product formation depends on both light and carbon availability and the respective 

metabolic state, which the cells adjust. This was confirmed by our experiments under 

controlled steady state conditions, with carbon partitioning towards lactate of 15.7% (LLHC), 

18.4% (HLHC), and 22.1% (HLLC). The specific lactate formation rates varied even more 

depending on the conditions applied and were 3.9- (LLHC), 10.2- (HLLC), and 12.4-fold 

(HLHC) higher than the 1.26 mmol C gCDW
-1 d-1 reported by Angermayr and Hellingwerf 

(Fig. 3.2 and Table 3.2), but still lower than the in vitro lactate formation rate 

(38.1 mmol C gCDW
-1 d-1) determined with cell extracts [135]. The interdependency of the 

differing overall NAD(P)H/ATP demand for biomass and lactate formation on the one hand 

and the different metabolic states, on the other hand, represent possible reasons for these 

variations. The cells might adjust the distribution of energy and electrons between biomass 

and lactate formation in a way to achieve an optimal sink-source balance. In conclusion, the 

lactate production rate and the carbon partitioning depend on environmental conditions. 
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High light and low carbon conditions, as found during a sunny day, appear to be optimal for 

carbon partitioning towards lactate. 

Lactate synthesis-mediated ATP/NAD(P)H balancing may promote photosynthesis 

The so-called carbon sink effect comprises the physiological responses to a heterologous 

carbon sink, i.e., enhanced O2 evolution, quantum yield, and, in some cases, carbon fixation. 

Until recently, only a few studies investigated the physiological response of a cyanobacterial 

cell to an additional carbon and/or electron sink. The investigation of the effect of sucrose 

synthesis on the photophysiology of Synechococcus elongatus PCC 7942 represents an 

example [168] showing that induction of a sucrose production pathway can relieve the sink 

limitation of photosynthesis, as indicated by enhanced O2 evolution and relative PSII rates as 

well as improved effective quantum yields. Our recent study on the physiological response of 

Synechocystis sp. PCC 6803 to differing electron demands caused by supplying N-sources 

differing in reduction degree [256] demonstrated, beside a dependency on environmental 

conditions, that an N-source related electron sink resulted in enhanced PSII rates and LEF, 

even when light was limiting. 

The carbon sink effect is typically explained by the potential of a carbon sink to unleash a 

general sink limitation of the photosynthetic light reaction [164, 165] due to limited electron 

acceptor availability or limited capacities to further process reduced acceptors such as 

carbon fixation products [168, 171]. The provision of additional electron or metabolic sinks 

may consequently unleash the unused light reaction potential and even increase carbon 

fixation rates. Furthermore, carbon and/or electron sinks are discussed to promote the 

balancing of ATP/NAD(P)H regeneration and demand [144, 170, 256]. For the adjustment of 

appropriate ATP and NAD(P)H supplies, the ratios of LEF to AEF play a crucial role. 

Photosynthetic electron fluxes do not a priori provide ATP and NAD(P)H in the optimal ratio 

required for Calvin-Benson cycle activity [167]. Accordingly, carbon and/or electron sinks are 

proposed to adjust the cellular ATP/NAD(P)H demand to the NAD(P)H side and thereby 

enhance photosynthesis and carbon fixation rates [170, 256]. Examples include enhanced 

carbon fixation as a response to isopropanol synthesis [170] and to enhanced electron 

withdrawal with nitrate instead of ammonium as N-source [256]. Interestingly, the AEF and 

PSII rates of all tested conditions/strains of the latter and the present study showed linear 

interdependencies with similar slopes (0.70 and 0.68 rAEF rPSII
-1, respectively, Fig. 3.4B), 

indicating an underlying interdependency of the AEF and the PSII rate. This interdependency 
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may constrain the electron flux distribution along these pathways and thus the balancing of 

NAD(P)H and ATP supply. Such constrained balancing obviously depends on the 

environmental conditions in terms of source-sink availability and may be restricted by 

factors such as light limitation (source limitation), the maximum inherent carbon fixation 

capacity, carbon availability (sink limitation), or other regulatory circuits including, e.g., 

responses to light stress. 

 
Figure 3.4: Changes in photosynthetic electron fluxes in the different metabolic states with (closed 

symbols) and without (open symbols) lactate formation. Panels A and B show the ratio of non-

circular alternative over linear electron fluxes (AEF/LEF) in the different states and the AEF in 

dependency of the PSII rate, respectively. 

Under carbon limitation, we observed a prominent carbon sink effect, comprising increased 

PSII, O2 evolution, and carbon fixation rates. Remarkably, these effects came along with a 

34% increase of AEF (Fig. 3.3) and a 24% higher ratio of AEF over LEF (Fig. 3.4A). This 

supports the hypothesis that a beneficially balanced ATP/NAD(P)H ratio enables the cells to 

exploit the excess light availability to increase the PSII rate and to finally enhance carbon 

fixation rates (Fig. 3.4B). Elevated ATP generation, as indicated by the increase of AEF, might 

enable a boost of the ATP dependent CCM, which was shown to be upregulated under 

excess light and limited carbon conditions [260, 261]. The resulting increased total carbon 

fixation rate enabled lactate synthesis with the highest carbon partitioning among all tested 

conditions (Tables 3.1 and 3.2, Fig. 3.3) while the growth rate was similar as that of the WT. 

Thus, the high energy demand for biomass formation (which did not substantially increase) 

may limit carbon fixation in the absence of a heterologous carbon/electron sink. 

Interestingly, similar physiological effects were observed in a previous study with PCC6803 

as a response to differing electron sink availability [256]. Higher electron demand resulted in 
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growth stimulation, but only under excess light and CO2 availability and not, as here, under 

carbon limitation. 

In contrast, lactate synthesis as a C-sink did not result in increased carbon fixation under 

light and carbon excess conditions. This was unexpected as, under excess conditions, the 

cells should have the highest degree of freedom to adjust to the additional (carbon) sink. 

Following the argumentation line that a beneficially balanced ATP/NAD(P)H ratio promotes 

enhanced carbon fixation and an electron flux rearrangement should be consistent with the 

linear interdependency of PSII rate and AEF, an increase in carbon fixation rate upon lactate 

formation may have been prevented as carbon fixation had reached a maximum rate with an 

already optimal ATP/NAD(P)H balancing. Based on the higher biomass formation rate of the 

WT compared to SAA023 under this condition, it can be concluded that growth was not 

limited by metabolic constraints of biomass formation [164], but a limitation by the mere 

carbon fixation capacity may be a possible explanation. In our earlier study, we observed 

similar maximum carbon fixation rates for a different PCC6803 wild-type strain under light 

and CO2 excess conditions [256]. Zavrel et al. demonstrated that the growth rate of a 

PCC6803 wild-type strain could not be increased by providing more light than approx. 

220 µmol photons m-2 s-1 and more than 1.7% CO2 (at 32°C and 220 µmol photons m-2 s-1) 

[154]. Consequently, the maximal carbon fixation rates observed in this study may constitute 

a maximum for wild-type PCC6803. 

Under light limitation, it could be expected that the PSII rate remains similar and that lactate 

formation, possibly involving decreased biomass formation, leads to an increased LEF and 

carbon fixation due to the reduced energy demand for lactate compared to biomass 

formation. Instead, LEF and carbon fixation rate were similar, whereas PSII rate and AEF 

decreased (Tables 3.1 and 3.2, Fig. 3.4). Whereas this supports the above-mentioned 

assumption that lactate synthesis required less ATP in comparison to biomass formation, 

such reduced energetic costs though did not enable the cells to optimize the ATP/NAD(P)H 

balancing and thereby the carbon fixation rate. In contrast to this observation, an increase in 

carbon fixation-independent electron sink availability was shown to enhance the light 

reaction [256]. This is obviously not the case for a carbon-based product with a DoR similar 

to biomass. Interestingly, the linear interdependence of PSII rate and AEF remained fulfilled 

(Fig. 3.4B), which would not have been the case for an unaffected PSII rate involving a 
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reduced AEF and an increased LEF. The exact nature of and reasons for the apparent linear 

interdependency of PSII rate and AEF remain to be investigated. 

In conclusion, the obtained results indicate that, in a certain range of environmental 

conditions, lactate synthesis-mediated ATP/NAD(P)H balancing can promote photosynthetic 

electron transfer and carbon fixation rates, supporting the hypothesis of a metabolically 

favorable ATP/NAD(P)H balancing as underlying mechanism causing all the effects referred 

to as the carbon sink effect. In other words, the carbon sink effect is the physiological 

response of a phototrophic cell to alternative carbon and/or electron sinks with the 

potential to beneficially shift the cellular ATP/NAD(P)H demand. It would be interesting to 

investigate other heterologous pathways differing in ATP and NAD(P)H demands in order to 

more closely define the mechanism and operational space of such ATP/NAD(P)H balancing, 

as it has been done in silico for ethanol, propane, and ethylene formation [144]. 

Conclusions 

The results of this study confirm that an additional carbon sink can stimulate quantum 

efficiency at PSII, photosynthetic water oxidation, and carbon fixation within PCC6803. These 

effects were found to heavily depend on the environmental/growth conditions. Three 

different cellular responses to lactate as a carbon sink could be observed: i: impaired growth 

under light limitation due to competition for the fixed carbon among lactate and biomass 

formation; ii: impaired growth under excess supply of carbon dioxide and light due to the 

same competition indicating a limitation by the maximum carbon fixation capacity, and iii: 

stimulated growth under carbon limitation and simultaneous lactate formation with the 

highest carbon partitioning observed under all conditions tested. This was enabled by 

enhanced carbon fixation and PSII activity. The observed rearrangement of photosynthetic 

electron fluxes (LEF/AEF) appears to be an important cellular regulating screw to balance 

ATP and NAD(P)H regeneration. Thereby, the lower ATP demand for lactate than for biomass 

formation most likely played a crucial role and finally led to the observed carbon sink effect. 

The condition-dependent physiological responses demonstrate that the metabolic 

capabilities of cyanobacteria depend on the cellular sink/source regime and the respective 

cellular steady state. Furthermore, this study emphasizes the importance of a systematic and 

quantitative characterization of phototrophic cells and their responses to (genetic) 

perturbations in order to enable an efficient design of phototrophic biocatalysts and 

respective bioprocesses.  
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Abstract 

Photo-biotechnology aims at the rational exploitation of the capability of phototrophic cells 

to harness electrons from water splitting and to fix carbon from carbon dioxide for the 

production of chemicals and energy carriers. Approaches and rationales to achieve relevant 

reaction rates and carbon partitioning have been established for product synthesis from CO2. 

The direct coupling of electron demanding reactions to the photosynthetic electron chain, 

on the other hand, gained attention only recently. Further understanding of the 

physiological responses to biocatalytic electron withdrawal and the quantitative capabilities 

to cope with that additional electron demand will be essential to make progress. Here, we 

demonstrate that the specific whole cell-activity for cyclohexane hydroxylation catalyzed by 

a cytochrome P450 monooxygenase (CYP450) in a recombinant Synechocystis sp. PCC 6803 

ranges from 0.1 to 79 U gCDW
-1 depending on the growth and reaction conditions applied. To 

further characterize cellular responses to oxygenase catalysis and environmental conditions, 

especially the photosynthetic electron fluxes, we developed a strategy to conduct the 

biotransformation in a continuous bioreactor system at a 0.5 L scale. The specific biocatalytic 

oxygenation rate depended directly on the incident light intensity (up to 

80 µmol photons m-2 s-1). The oxygenation rate could be kept constant for several hours 

under optimized cultivation and reaction conditions. Photon/electron balancing revealed 

that the cells were capable to increase the PSII rate by 20% and the linear electron flux by a 

factor of 1.9 to meet the additional CYP450-related electron demand of 18 µmol electrons 

gCDW
-1 d-1. The oxygenation reaction consumed approx. 17% of the linear electron flux, 

which, however, corresponded to only 2.2% of the absorbed quanta. These results highlight 

the high potential of Synechocystis sp. PCC 6803 to utilize water and light as electron- and 

energy sources, respectively, to efficiently drive electron-dependent biotransformations.  
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Introduction 

Cyanobacteria can be engineered as cell factories with high shares of the fixed carbon 

channeled into the product of interest [173, 243, 262]. Examples include the synthesis of 

sucrose [72], lactate [74, 134], ethanol [65, 249], 1,2-butanediol [70], isoprene [79] and 

ethylene [75]. Examples for the direct use of photosynthesis-derived electrons for 

oxidoreductase-catalyzed biotransformations, on the other hand, are scarce, even though 

the potential is well recognized [82, 263]. Substantial activities have been reported for 

cyclohexane hydroxylation by means of a cytochrome P450 monooxygenase (CYP450) [85] 

and enantioselective C=C bond reduction in cyclic α-keto alkenes via an enoate reductase 

[86]. 

The few studies on light-driven redox biocatalysis published so far focused on the proof of 

concept and the optimization of reaction rates and final titers by metabolic and reaction 

engineering. Important aspects such as the general physiological response to 

biotransformation mediated electron withdrawal were not yet addressed. However, it is 

important to understand to what extent photosynthetically derived electrons can be 

channeled into the reaction of choice, and furthermore, which factors might determine this. 

Nielsen et al. [264] calculated the share of photosynthesis-derived electrons exploited for 

the formation of diverse products directly from CO2, showing that the synthesis of 2,3-

butanediol by metabolically engineered Synechococcus sp. PCC 7942 exploited, due to the 

high carbon partitioning, up to 87.2% of photosynthetically derived electrons [70, 264]. This 

estimate is based on the calculated minimum number of electrons required to form both, 

biomass and the product. In earlier studies, we demonstrated that Synechocystis sp. PCC 

6803 can increase under certain conditions photosynthesis rates to cover the demand of 

additional electron and carbon sinks, i.e. mediated by varying reduction grade of the N-

source and a lactate synthesis pathway, respectively [256, 265]. 

Characterization of the in vivo physiological responses to a biotransformation has not yet 

been demonstrated. Berepiki and co-authors showed that expression of the mammalian 

cytochrome P450 CYP1A1 in Synechococcus PCC 7002 resulted in increased maximum 

electron transport rates and enhanced effective quantum efficiency at PSII [169]. A further in 

depth analysis would allow gaining insights into the impact of product formation on cellular 

physiology. For that, the measurement of fundamental in vivo rates, such as the photon 

uptake, LEF, and PSII rates is essential. Those rates and growth parameters such as effective 
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quantum yield at PSII and biomass formation rates were not yet measured and combined 

during a phototrophic whole-cell catalysis, mainly simply due to the lack of suitable reaction 

and reactor formats. Biotransformations at the proof of concept stage are typically 

conducted in small scale, i.e., reaction tubes or shaking flask scale, which limits cell material 

for an in-depth and comprehensive physiological investigation. Additionally, a stable 

reaction at significant rates for a sufficient period of time is required to enable the 

characterization of the cellular response to the additional electron sink. As demonstrated 

before, stable metabolic states are essential to reveal physiological responses to additional 

sinks [256, 265]. 

In this study, we aim at a systematic and quantitative investigation of the physiological 

responses of a biocatalytically active Synechocystis sp. PCC 6803 to an electron demanding 

biotransformation. The conversion of cyclohexane to cyclohexanol mediated by an 

engineered Synechocystis sp. PCC 6803 harboring a cytochrome P450 monooxygenase, 

originating from Acidovorax sp. CHX100, (hereafter PCC6803_CYP) was selected as a model 

reaction system [85]. A continuous bioreactor setup and process conditions were established 

which allowed running the reaction at a high and stable rate. An in-depth physiological 

investigation of the electron sink effects was carried out with the aim to answer the 

following questions: how does the cell respond to the biocatalytic electron withdrawal and 

how does it cover the additional biotransformation-related electron demand? To answer 

those questions, we adapted a photon and electron balancing approach in order to assess 

the physiological response of PCC6803_CYP to the reaction-related electron withdrawal and 

consequently assess the reaction efficiency on an electron/photon level. This approach has 

been applied before to elucidate physiological responses to environmental 

changes/conditions and additional sinks in algae and cyanobacteria in a quantitative and 

systematic manner [217, 218, 256, 265]. The results confirmed on the one hand the light 

dependency of the P450 mediated hydroxylation of cyclohexane in a continuous cultivation 

setup and that photosynthesis is highly flexible in terms of covering additional electron 

demands, but demonstrates on the other hand that the cellular capability to provide 

electrons for a biocatalytic reaction is highly dependent on the carbon and light availabilities 

to which the cell is adapted to.  
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Materials and Methods 

Bacterial strain 

A recombinant Synechocystis sp. PCC 6803 strain harboring the plasmid pAH050 encoding a 

cytochrome P450 monooxygenase from Acidovorax sp. CHX100 (hereafter referred to as 

PCC6803_CYP) was used in all experiments [85]. The strain was maintained as cryo-culture at 

-80°C. An aliquot was resuspended in 20 ml YBG11 [150] at pH 8 in a 100 ml baffled shaking 

flask and grown as preculture for 4-5 days. The preculture was used as inoculum for the 

bioreactor experiments. 

Whole-cell activity assay 

Assayed cells were derived from continuous cultivations in a flat panel photo-bioreactor 

under four different conditions at 30°C, 20 ml min-1 aeration, and different sink (CO2) and 

source (light) availabilities: 88 µmol photons m-2 s-1 and ambient CO2 (medium light – low 

carbon, MLLCcultivation), 88 µmol photons m-2 s-1 and 2.5% CO2 (medium light – high carbon, 

MLHCcultivation), 151 µmol photons m-2 s-1 and ambient CO2 (high light – low carbon, 

HLLCcultivation), and 151 µmol photons m-2 s-1 and 2.5% CO2 (high light – high carbon, 

HLHCcultivation). A dimmable LED panel was used as light source for cultivation as well as 

activity assays (Celldeg GmbH, Berlin, Germany). Four different conditions also were applied 

for the activity assays, in order to test the differently adapted cells under different sink and 

source availabilities during the reaction: 63 µmol photons m-2 s-1 and ambient CO2 (low light 

– low carbon, LLLCassay), 63 µmol photons m-2 s-1 and 50 mM NaHCO3 (low light – high 

carbon, LLHCassay), 250 µmol photons m-2 s-1 and ambient CO2 (high light – low carbon, 

HLLCassay), and 250 µmol photons m-2 s-1 and 50 mM NaHCO3 (high light – high carbon, 

HLHCassay). 

Fully adapted cells from steady states were sampled, centrifuged at 7000 g and 20°C for 

7 min (Heraeus Fresco 17, Thermo Scientific, Waltham, USA), resuspended in YBG11 

optionally supplemented with 50 mM NaHCO3 to an OD750 between 4.0 and 4.5, and 

transferred into Pyrex tubes. Then, whole-cell activity assays were conducted as described 

before [85]. In short, the cells were adapted to the respective assay condition for 10 mins at 

30°C (Multitron, INFORS AG, Bottmingen, Switzerland). Reactions were started by addition of 

1.25 µl cyclohexane and stopped after 10 min by adding 1 ml ice-cold diethylether 

containing 0.2 mM n-decane as internal standard and immediate vortexing for 1 min 

followed by phase separation at 3214g and 4°C for 2 min (5810R centrifuge, rotor 
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FA-45-6-30, Eppendorf AG, Hamburg, Germany). The upper organic phase was transferred 

into an Eppendorf cup, dried over sodium sulfate and subjected to GC analysis. 

Bioreactor setup and conditions for cultivation and biotransformation 

Experiments were carried out in 525 ml flat panel bioreactors (PSI Photon Systems 

Instruments, Drasov, Czech Republic). Temperature was kept constant at 30.0 ± 0.5°C and 

the culture was mixed via a magnetic stirrer. The reactor was aerated with a gas mixture as 

specified in the main text. A gas mixer (PCU-10, Vögtlin Instruments AG – flow technology, 

Aesch, Switzerland) was used to adjust aeration rate and gas mixture (pressurized air, 

synthetic air, or nitrogen). The gas mixture was humidified in a bubbling bottle and 

channeled into a separate medium loop in which a segmented flow was generated, i.e., a 

sequence of gaseous and liquid (medium) segments. This enabled efficient mass transfer for 

cyclohexane supply via the gas phase and for the removal of photosynthetically produced O2 

from the medium. Off-gas and medium outflow were guided through a tube on top of the 

reactor. The headspace was kept minimal. Fresh medium supply and medium loop were 

operated using a peristaltic tube pump (IPC-series, ISMATEC, Cole-Parmer GmbH, Wertheim, 

Germany). Fluorescent lamps were used to provide light of which the intensity was adjusted 

via the distance between light source and reactor. 

Quantification of cyclohexanol and calculation of biocatalytic activity 

Cyclohexanol concentrations were measured as described before [85, 266, 267]. Briefly, 

cultivation broth was sampled from the reactor vessel. The reaction was stopped by addition 

of pre-cooled diethylether supplemented with 0.2 mM n-decane as internal standard. After 

1 min of extraction via vortexing, the ether phase was separated via centrifugation, dried 

over sodium sulphate, and transferred to a GC vial followed by GC analysis as described [85]. 

Quantification of cell dry weight (CDW) and chlorophyll a concentrations 

Biomass concentrations were derived from OD750 measurements based on CDW-OD750 

correlations determined for the conditions applied. For this purpose and chlorophyll a 

determination, samples were treated as described before [256]. 

Measurement of quantum efficiency 

Quantum efficiency was measured as described [256] with the following modification: To 

ensure that the cyclohexane in the medium remained in the medium during measurement 

of the quantum yield, septum-sealed cuvettes were used for fluorescence measurements. 
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Samples from the bioreactor were taken by syringe and transferred through the septum into 

the cuvette. 

Determination of the O2 evolution rate 

O2 evolution rates were determined by measuring the difference in volumetric fractions of 

O2 in the in- and off-gas of the reactor via O2 sensors (BCP-O2, BlueSens gas sensor GmbH, 

Herten, Germany). During cyclohexane hydroxylation, the O2 evolution rate was corrected 

for the oxygenation-related stoichiometric O2 demand. 

Results 

The influence of growth conditions on the specific whole-cell activity in an assay format 

As a starting point, we evaluated if and to what extent the specific cyclohexane 

hydroxylation activity of the recombinant CYP450 containing Synechocystis strain 

PCC6803_CYP is influenced by the metabolic state of the cells, i.e., if the growth conditions 

have an impact on the whole-cell activity assayed under identical conditions optimized for 

maximum initial biocatalyst activities involving substrate excess. To this end, PCC 6803_CYP 

was cultivated in continuous mode with varying light (i.e., medium or high light [ML or HL] 

corresponding to 88 or 151 µmol photons m-2 s-1, respectively) and carbon availabilities (i.e., 

low or high carbon [LC or HC] corresponding to 0.04 or 2.5% CO2, respectively). Cells were 

sampled from respective steady states and prepared for whole-cell activity assays as 

described in the materials and methods section. For cells derived from each steady state, 

assay conditions were varied in the same as it was done for the cultivation. Low and high 

light conditions (LL and HL, 63 and 250 µmol photons m-2 s-1) were set based on the 

demonstrated light dependency of the reaction up to 150 µmol photons m-2 s-1 in the assay 

format [85]. 

Figure 4.1 demonstrates that initial specific cyclohexane hydroxylation activities (10 min 

reaction time) varied strongly with the conditions at which cells were cultivated, whereas 

the assay conditions had less influence. The highest activities were measured for cells 

cultivated at HC conditions. Maximal activities amounted to 77.1 ± 4.4 U gCDW
-1 for 

MLHCcultivation and 79.0 ± 3.8 U gCDW
-1 for HLHCcultivation adapted cells - with excess light and 

carbon availability in the assay (Figure 4.1, panels B and D). The by far lowest activities were 

measured for cells grown under HLLC condition (Figure 4.1C). 
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In general, two conclusions can be drawn from these results: 1. Cells adapted to 2.5% CO2 

(HCcultivation) show higher activities compared to cells grown under low carbon availability, 

irrespective of the carbon and light availabilities during the activity assay. This might be 

caused by the generally higher electron fluxes in those cells to sustain high carbon fixation 

and biomass formation rates (0.43 d-1 vs. 0.25 d-1 under ML and 0.61 d-1 vs 0.17 d-1 under 

HL). 2. cells adapted to low CO2 and thereby low metabolic sink availability show decreasing 

activity with increasing light intensity, possibly due to light inhibition, downregulation of 

light harvesting and photosynthesis in general, ROS generation, and phototoxicity. 

 
Figure 4.1: Whole-cell activity dependent on the growth condition of PCC6803_CYP. Assays were 

conducted with cells adapted to 88 µmol photons m-2 s-1 and 0.04% CO2 (MLLCcultivation, A) or 2.5% 

CO2, (MLHCcultivation, B), and 151 µmol photons m-2 s-1 and 0.04% CO2 (HLLCcultivation, C) or 2.5% CO2 

(HLHCcultivation, D). Assay conditions are LL: 88 µmol photons m-2 s-1; UL 250 µmol photons m-2 s-1; LC: 

YBG11 w/o supplementation of NaHCO3; HC: YBG11 w/ supplementation of 50 mM NaHCO3. 

The adaption status of the cells regarding light and carbon availability strongly influences the 

whole-cell activity. Furthermore, the whole-cell activity also depends on light and carbon 

availability during the assay, at least the cells adapted to HC show higher activities under HC 

compared to LC assay conditions (Fig. 4.1). Interestingly, lower carbon (sink) availability in 

the assay in comparison to the cultivation condition did not result in increased whole-cell 

activities in any assay condition. This could have been expected as the electrons required for 
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the carbon fixation might instead have been used for the hydroxylation reaction. The impact 

of the combination of cultivation and assay condition in terms of carbon and light availability 

underlines the importance of a systematic approach to assess the physiological responses of 

PCC6803_CYP to the biotransformation under well-defined conditions and stable metabolic 

states. 

Cyclohexane hydroxylation during continuous cultivation 

The targeted physiological characterization requires i) a metabolically significant, but not 

necessarily maximal redox biocatalysis-related electron consumption rate and ii) a stable 

performance of a non-toxified biocatalyst growing under defined conditions. Maximal 

cyclohexane hydroxylation rates in whole-cell activity assays correspond to an electron 

consumption rate of up to 9.5 mmol g-1 h-1 being well significant considering the 

6-28 mmol g-1 h-1 reported for the linear electron flux (LEF) in a wildtype of PCC6803 under 

different conditions [256]. The light dependency of the reaction rate [85] further emphasizes 

that cyclohexane hydroxylation as a C-fixation independent electron sink fulfills requirement 

i). For whole-cell activity assays aiming at the determination of initial reaction rates, a stable 

and high cyclohexane concentration was maintained during the 10 min reaction time by 

adding cyclohexane to an amount exceeding its solubility limit (650 μM) and rapid mixing – 

conditions which are toxic for PCC6803 [85] and thus expected to cause instability on the 

long term. To meet requirement (ii), PCC6803_Cyp was cultivated in continuous mode in a 

bioreactor setup at 0.5 L scale, aiming at defined, non-toxic, and constant conditions. 

To mitigate its toxic effects, cyclohexane was supplied via the gas phase in a segmented flow 

medium loop (see materials and methods), which limited cyclohexane mass transfer and 

thus toxicity. A coinciding reduction in whole-cell activity thereby was considered 

acceptable. The suitability of such a cultivation/ reaction setup and the light dependency of 

the reaction were evaluated in a first approach. Briefly, PCC6803_CYP was grown in batch 

mode to an OD750 of 0.45. At this point, a feed was started for a continuous mode of 

cultivation at this comparatively low cell concentration minimizing shading effects. A dilution 

rate (D) of 0.013 h-1 enabled steady state cultivation at this cell density (densitostat). Cells 

were induced 1 day before starting the biotransformation by substrate addition via the gas 

phase. Light and feed were switched off shortly before substrate addition (time point 0 h in 

Fig. 4.2A), for a control condition without energy source resulting in a low specific 

cyclohexane hydroxylation rate of 3.1 ± 0.1 U gCDW
-1. This rate corresponded to half the 
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background activity measured in an assay system before (6.2 ± 0.6 U gCDW
-1, [85]). Such basal 

activity in the dark presumably was enabled by cofactor regeneration via the catabolism of 

storage compounds [85]. After 1.17 h, feed (D = 0.013 h-1) and light (40 µmol photons m-2 s-1) 

were switched on, and the light intensity was increased in regular time intervals to 80 and 

150 µmol photons m-2 s-1 (Fig. 2A). thereby the hydroxylation activity increased in a light 

intensity-dependent way as reported before for batch assays [85], reaching 9.6 and 

18.3 U gCDW
-1 at 40 and 80 µmol photons m-2 s-1, respectively (Fig. 4.2B). A further increase in 

light intensity did not result in a further activity increase. As expected, hydroxylation 

activities were lower than those achieved under assay conditions (Figure 1), where the 

substrate was added in excess combined with intense mixing. Substrate mass transfer 

limitation presumably also was the reason why the maximum whole-cell activity already was 

reached at 80 µmol photons m-2 s-1, whereas it further increased reaching a maximum at 

150 µmol photons m-2 s-1 under assay conditions [85]. 

 

Figure 4.2: Light-dependent conversion of cyclohexane to cyclohexanol by the engineered 

PCC6803_CYP during continuous cultivation. Panel A shows the courses of cell and product 

concentration as well as of the light intensity and the hydroxylation activity. Panel B shows the 

specific activity in dependence of the light intensity. Cells were grown in YBG11 supplemented 

with 25 mM HEPES at 30°C. The culture was aerated at a rate of 3 ml min-1 of air via a segmented 

flow medium loop (see materials and methods section for details. The light intensity was varied as 

indicated. 

Biomass concentration decreased upon biotransformation at low light intensities and 

stabilized and even increased when the light intensity was set to 150 µmol photons m-2 s-1 

(Fig 4.2A). This indicates that, at low light intensities, the cells cannot generate sufficient 

NADPH and ATP via photosynthesis to support both, stable growth and biotransformation. 

At higher light intensities, however, the growth rate was higher than the dilution rate, 
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indicating that the biotransformation-related electron withdrawal resulted in a sink effect, 

i.e., relieved the sink limitation of the photosynthetic light reaction [256]. Requirement 

ii. was thereby not fulfilled completely, as the cells were only at high light intensities able to 

maintain growth during the hydroxylation reaction. 

Optimizing process parameters for continuous hydroxylation of cyclohexane 

In the next step, the biomass concentration was increased in order to enable better 

physiological measurements, for example, increased O2 differences in the in- and off-gas. 

Further, the growth conditions were improved to achieve better growth and fitness of 

PCC6803_CYP. PCC6803_CYP was cultivated at 75 µmol photons m-2 s-1 and carbon was 

supplied as NaHCO3 (50 mM) directly with the feed to ensure that the cells are not carbon 

limited. With these modifications, the growth rate could be increased from 0.013 to 

0.036 h-1 and the carbon supply rate (18.7 mmol C d-1) exceeded the carbon fixation rate 

(3.7 mmol C d-1). As before, light and feed were switched off at the start of the 

biotransformation. Cyclohexane was supplied to start the reaction. Then, the following light 

intensities were applied stepwise: 75, 100,125, 0, 50, and 75 µmol photons m-2 s-1 (see 

Fig. 4.3A). The “dark-activity” was with 0.9 ± 0.5 U gCDW
-1 lower than in the first experiment, 

and the highest activity of 21.3 ± 2.3 U gCDW
-1 was observed at 100 µmol photons m-2 s-1. 

Overall, the light dependency of the reaction could be validated, and the improved 

availability of carbon did not only result in an increased growth rate but also in increased 

specific activities (Fig. 4.3B). 

PCC6803_CYP was able to maintain the growth rate while covering the additional electron 

demand for the conversion of cyclohexane to cyclohexanol at all applied light intensities 

except 50 µmol photons m-2 s-1 (Fig. 4.3A). Light and feed were turned off and on again to 

quantify rates in the dark and confirm the capability of the cells to instantly respond to light 

availability.  
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Figure 4.3: Light dependent conversion of cyclohexane to cyclohexanol by the engineered 

PCC6803_CYP under continuous growth mode (A) and the light dependent specific activities (B) in a 

bioreactor setup. Cells were grown in YBG11 supplemented with 25 mM HEPES and 50 mM 

NaHCO3 at 30°C and 75 µmol photons m-2 s-1 and an aeration of 3 ml min-1 with a 50% synthetic air 

and 50% nitrogen gas mixture. The light intensity was varied as indicated. 

In summary, reaction conditions under carbon excess and light intensities between 80 and 

100 µmol photons m-2 s-1 seem suitable for an in-depth physiological investigation as the 

requirements i. and ii. were met. 

Demonstrating the long term stability of the hydroxylation of cyclohexane under optimized 

process conditions 

In the next step, the long-term stability of the cells during continuous cultivation and 

reaction were evaluated. PCC6803_CYP was grown at 30°C, 3 ml min-1 synthetic air-nitrogen 

mixture, and 90 µmol photons m-2 s-1 in YBG11 supplemented with 50 mM carbonate. The 

light intensity was kept stable for constant growth and reaction conditions. After inoculation, 

cells were grown in batch mode up to an OD750 of approximately 1. At that point, the fresh 

medium feed was started to shift to the continuous mode of cultivation. The feed rate was 

estimated based on the batch growth rate and adjusted until the OD750 remained stable. A 

stable dilution rate was achieved at 0.036 h-1. Cells were induced for 2 days before the 

reaction was started by supplying cyclohexane as described above.  
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Figure 4.4: Stable biotransformation of cyclohexane to cyclohexanol mediated by PCC6803_CYP in 

a continuous growth mode in a bioreactor setup. PCC6803_CYP was grown in YBG11 supplemented 

with 25 mM HEPES and 50 mM NaHCO3 at 30°C, 3 ml min-1 synthetic air and nitrogen mixture and 

90 µmol photons m-2 s-1. 

The activity increased within the first 30 min to a specific rate of 21 U gCDW
-1 and remained 

between 16 and 22 U gCDW
-1 during the following 6.5 h. A cyclohexanol titer of 1.2 mM was 

reached, and the biomass concentration remained constant at an OD750 of approx. 1 during 

the entire biotransformation phase, indicating that the cells can provide the required 

electrons for the reaction additionally to the electrons required for biomass formation. The 

measured activity and the stability of the reaction over several hours demonstrate the 

general suitability of the setup to investigate the physiological response of PCC6803 to an 

electron dependent biotransformation. 

Accessing the reaction efficiency and the physiological response of PCC6803_CYP to the 

biotransformation 

Finally, the physiological response of PCC6803_CYP to the biotransformation was 

characterized via photon and electron balancing. For this purpose, the number of absorbed 

quanta (Qphar), the electrons derived by water-splitting at PSII (rPSII), and the linear electron 

flux (rLEF) were determined on the cellular source side. A slightly higher light intensity of 

100 µmol photons m-2 s-1 was chosen to guarantee high activities. Two phases can be 

distinguished: the reference state before the reaction and the reaction phase. 

The growth rate of PCC6803_CYP was 0.030 h-1, which is slightly lower compared to the 

cultivation at 90 µmol photons m-2 s-1 (0.036 h-1) and a similar biomass concentration 

(Fig. 4.5). The specific hydroxylation activity of 6.2 ±0.1 U gCDW
-1 was significantly lower than 
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in the previous experiment (18.5 ± 1.6 U gCDW
-1), although all other process parameters were, 

except of the slightly increased light intensity, similar. Possible reasons for the low whole-cell 

activity include compromised cell fitness (which might be indicated by the reduced growth 

rate in comparison to the previous experiment) or underlying technical issues such as 

reduced cyclohexane supply via the gas phase. 

The effective quantum yield increased from 0.56 ± 0.01 before the reaction to 0.61 ± 0.01 in 

the stationary reaction phase (2-6 h) (Fig. 4.5). The mean quantum uptake rate, Qphar, 

increased only slightly after the start of the reaction (Fig. 4.6 and Table 4.2). The enhanced 

PSII and LEF rates in combination with a reduced specific activity resulted in quite low 

biotransformation efficiencies: 2.2 ± 0.5% of the absorbed quanta were utilized for the 

hydroxylation of cyclohexane, which corresponds to 180 ± 7 photons per cyclohexanol 

formed (Table 4.1).  

 

Figure 4.5: Biotransformation of cyclohexane to cyclohexanol mediated by PCC6803_CYP in a 

continuous growth mode in a bioreactor setup. PCC6803_CYP was grown in YBG11 supplemented 

with 25 mM HEPES and 50 mM NaHCO3 at 30°C, 3 ml min-1 synthetic air and 

100 µmol photons m-2 s-1. 

In accordance to the effective quantum yield, rPSII was increased during the reaction phase. 

The net oxygen evolution rate derived electron flux increased from 108 ± 1 to 

254 ± 11 mmol electrons gCDW
-1 d-1 (Fig. 4.6 and Table 4.1). The increase by 146 mmol 

electrons gCDW
-1 d-1 was 8.6 fold higher than the net electron demand for cyclohexane 

hydroxylation when considering a demand of 2 electrons per cyclohexanol formed 

(Table 4.1). Overall, 3.6 ± 0.4% of the electrons generated in PSII and 7.1 ± 1.0% of the LEF 
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(LEF = net O2 evolution rate + O2 consumed by the monooxygenase activity, respiration rates 

were neglected and assumed to be constant) were exploited by the reaction. 

Table 4.1: Physiological and reaction parameters for cultivation and biotransformation for 

Synechocystis sp. PCC6803 CYP under 100 µmol photons m-2 s-1. 

Reaction time 
[h] 

-72 -48 -24 0 1 2 3 4 5 6 

µ 
[1 d-1] 

0.720 0.720 0.720 0.720 0.720 0.720 0.720 0.720 0.720 0.720 

Y(PSII) 0.548 0.56 0.577 0.568 0.582 0.609 0.609 0.599 0.607 0.606 

chla  
[µg ml-1] 

3.68 3.57 3.52 3.41 3.37 3.37 3.30 3.51 3.67 3.61 

biomass 
concentration 
[g l-1] 

0.175 0.178 0.178 0.180 0.167 0.167 0.167 0.167 0.167 0.167 

spec. CDW  
[mg mgChla

-1] 
47.5 49.8 50.6 52.7 49.5 49.6 50.6 47.5 45.5 46.3 

Carbon fixation 
rate 
[mmolelectrons 
gCDW

-1 d-1] 

108 109 108 111 105 108 108 108 108 108 

Qphar 
[mmolphotons 
gCDW

-1 d-1]  

1337 1574 1509 1477 1573 1546 1488 1631 1734 1699 

rPSII 
[mmolelectrons 
gCDW

-1 d-]) 

358 444 446 442 489 503 494 500 516 514 

Net oxygen 
evolution ratea 
[mmolO2 gCDW

-1 
d-1] 

29.7 30.0 30.2 32.8 68.5 58.2 56.0 53.6 51.5 51.9 

Net oxygen 
evolution ratea 
[mmolelectrons 

gCDW
-1 d-1] 

119 120 121 131 274 233 224 214 206 207 

cyclohexanol 
production rate 
[µmol gCDW

-1 
min-1] 

0.0 0.0 0.0 0.0 4.6 6.0 7.0 6.8 6.8 5.8 

reaction rate 
[mmolelectrons 
gCDW

-1 d-1] 

0 0 0 0 13 17 20 19 19 17 

LEFb 
[mmolelectrons 
gCDW

-1 d-1] 

119 120 121 131 300 267 264 253 245 241 

a. net O2 evolution rate is derived from the difference in the in- and off-gas, b. the overall LEF was 

corrected for the O2 required for the hydroxylation of cyclohexane. Respiration was neglected and 

assumed to be similar before and during the reaction. 
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The causes for the unproportional increase of the LEF and the low activity remain unclear. 

However, the measured activity of 6.2 ± 0.1 U gCDW
-1 represents a decent rate in comparison 

to other model reactions and can be considered a representative model system for the 

characterization of physiological responses to biocatalytically induced electron withdrawal. 

The low usage of photosynthetically generated electrons for the hydroxylation demonstrates 

the potential of photosynthetically derived electrons for biocatalysis. 

 
 

Figure 4.6: Electron fluxes in PCC6803_CYP before and during the biotransformation of cyclohexane 

to cyclohexanol. Rates were calculated hourly. PCC_CYP was grown in YBG11 supplemented with 

25 mM HEPES and 50 mM NaHCO3 at 30°C, 3 ml min-1 synthetic and 100 µmol photons m-2 s-1. 

Table 4.2: Impact of the biotransformation of cyclohexane to cyclohexanol on the physiology of 

PCC6803_CYP. 

state Qphar 
[mmol 
quanta 

gCDW
-1 d-1] 

PSII rate 
[mmol 

electrons 
gCDW

-1 d-1] 

LEF 
[mmol 

electrons 
gCDW

-1 d-1] 

Reaction 
rate 

[mmol 
electrons 
gCDW

-1 d-1] 

% e 
BTa/LEFb 

% e 
BTa/PSIIc 

% e 
BTa/Qphar 

Quanta 
per CHol 

reference 1474 ± 87 422 ± 37 108 ± 1 - - -  - 

reaction* 1620 ± 92 506 ± 9 254 ± 11 18 ± 2 7.1 ± 1.0 3.6 ± 0.4 2.2 ± 0.5 180 ± 7 

a. % e BT is the share of electrons used for the hydroxylation reaction of the calculated LEF in %; b. 

LEF = net O2 evolution rate + O2 consumed by the monooxygenase activity; c. PSII is the electron 

generation rate based on the fluorescence yield at PSII as described in the Materials and Methods 

section. Respiration rates were neglected and assumed to be constant; d. calculated for the stable 

reaction phase from 2-6 h from Figure 6.  
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Discussion 

Cultivation and assay conditions can have a severe impact on initial whole-cell activity for the 

hydroxylation of cyclohexane to cyclohexanol in PCC6803_CYP 

It was demonstrated before that environmental conditions, i.e., light and carbon 

availabilities, induce different physiological responses to additional electron and carbon 

sinks in Synechocystis sp. PCC 6803 [256, 265]. Consequently, steady metabolic states under 

constant environmental conditions were identified as a major requirement for the 

physiological characterization of phototrophic physiology and sink effects. The question rose 

if heterologous electron withdrawal activities also depend on and elicit differing 

physiological responses to environmental conditions, especially the growth conditions, but 

also the assay conditions. Indications for a growth phase-dependent whole-cell activity was 

observed for the regio-specific ω-hydroxylation of nonanoic acid methyl ester by a 

recombinant Synechocystis sp. PCC 6803 harboring an alkane monooxygenase system 

AlkBGT [136]. There, the activity varied depending on the time point and thus the cultivation 

stage, at which the cells were taken from an induced batch culture for whole-cell activity 

assays. In the present study, a growth condition-dependent activity was observed for the 

hydroxylation of cyclohexane in whole-cell assays (Figure 4.1). The maximum reaction rates 

were approx. 3.5 times higher than determined by Hoschek et al. for the same strain in 

shaking flask whole-cell activity assays [85]. An activity of ca. 23 U gCDW
-1 was reached under 

illumination with 150 µmol photons m-2 s-1 in YBG11 supplemented with 50 mM NaHCO3 in 

the assay with cells grown in batch culture under 50 µmol photons m-2 s-1 at ambient CO2 

conditions [85]. This is comparable to the conditions ULHCassay and MLLCcultivation applied in 

this study. Thus, the physiological state of the cells and assay conditions obviously have a 

severe impact on initial whole-cell activities (Fig. 4.1). In order to compare the true potential 

of engineered strains for the exploitation of photosynthesis-derived electrons for 

biotransformations, comparable analytical and assay conditions are required. Some reported 

recombinant strains might be able to achieve much higher whole-cell activities by selecting 

beneficial cultivation and reaction conditions. 

Cyclohexane hydroxylation causes a distinct electron sink effect 

Comprehensive and systematic investigations of physiological responses to additional sinks 

are rare. Abramson et al. investigated the photobiological response of Synechococcus 

elongatus PCC 7942 to sucrose synthesis and secretion, demonstrating that sucrose 
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secretion can lead to enhanced quantum efficiencies and PSII rates [168]. Berepiki et al. 

observed increased quantum efficiency and enhanced maximum ETR upon expression of the 

mammalian cytochrome P450 CYP1A1 in Synechococcus PCC 7002 [169]. We demonstrated 

in previous studies that an increased electron demand for biomass synthesis and lactate 

formation can result in increased PSII and LEF rates, improved quantum efficiencies, and 

stimulated carbon fixation rates in Synechocystis sp. PCC 6803 strains [256, 265]. These sink 

effects depended strongly on the process conditions, i.e., light and carbon availabilities, 

underlining the necessity of systematic and quantitative investigations. 

Here, we set the basis for a systematic and quantitative investigation of photosynthesis-

driven redox biocatalysis. With the selected reaction conditions, a specific reaction rate 

18.5 ± 1.6 U gCDW
-1

 was achieved during continuous cultivation (Figure 4). This was similar or 

significantly higher compared to other redox biotransformations in cyanobacteria [136, 169, 

203, 204, 268], but less than the activity reported for an enoate reductase (123 U gCDW
-1) in a 

recombinant Synechocystis sp. PCC 6803 [86]. The whole-cell activity could, however, not be 

confirmed in a follow-up experiment, where a whole-cell activity of only 6.2 ± 0.1 U gCDW
-1 

was observed under the same process conditions. The reduced activity might result from 

impaired cellular fitness, technical issues regarding cyclohexane supply via the gas phase, or 

intrinsic genetic instability of cyanobacteria, leading to mutations affecting growth and 

activity [141, 269]. The latter effect was observed in other long-term cultivations, where the 

lactate formation rate in recombinant Synechocystis sp. PCC 6803 decreased over time due 

to the accumulation of critical mutations (Personal communication Prof. Dos Santos and 

Prof. Hellingwerf, University of Amsterdam). Such variability or underlying technical issues 

require further investigations. 

Even the low hydroxylation rate caused a clear (electron) sink effect, i.e., increased PSII and 

LEF rates, and improved quantum efficiencies. This combined stimulations enabled the cells 

to provide the electrons required for the hydroxylation without compromising growth (Fig. 

4.5 and Table 4.2). The cells provided the electrons required for the reaction without further 

adaption and without compromising growth as long as sufficient light is available (Figure 4.3, 

4.4, and 4.5). These results support the hypothesis that additional sinks can unleash the sink 

limitation of photosynthetic light reactions [164, 165]. Interestingly, the reaction rate 

depended directly on the incident light. This light dependency has been demonstrated 
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before [85], but not in continuous cultivations, underlining the plasticity and flexibility of the 

photosynthetic apparatus. 

The quite low share of electrons exploited for the hydroxylation of cyclohexane resulted in a 

severe stimulation of the LEF. The redox balance in the reference condition before reaction 

start matched fairly well (Table 4.1). Assuming a similar C/N ratio of the biomass than 

determined in chapter 2, a rate of 154.8 ± 1.9 mmol electrons gCDW
-1 d-1 would be required 

for biomass formation, which is slightly higher than the net oxygen evolution based LEF 

measured. The respiration rate was found at a level of approx. 53 mmol electrons gCDW
-1 d-1 

under similar light constrained growth ([256], chapter 1). After reaction start, however, a 

vast excess of photosynthetically derived electrons at a rate of 82.9 ± 3.4 mmol electrons 

gCDW
-1 d-1 was measured based on the O2 evolution rates under consideration of electrons 

and O2 consumed for cyclohexane hydroxylation (Table 4.2). Assuming the measured O2 

evolution rate is correct and not compromised by a measurement or systematic error, the 

question arises where these electrons end up and why they are mobilized. The excess 

electrons were not used for accelerated growth as the biomass concentration remained 

constant during continuous cultivation. One may hypothesize that the excess electrons 

result in increased carbon fixation rates and metabolites are secreted into the supernatant 

as a kind of electron dissipation pathway. It was shown before that Synechocystis sp. PCC 

6803 can apply metabolite overflow as a means to balance the cellular redox state [270]. 

Cyanobacteria also are known to form hydrogen as a valve to bind excess electrons [271, 

272]. Furthermore, other “valve” or dissipation pathways, which are not predominantly used 

under known and regular conditions, might become active due to stress elicited by the 

biotransformation involving highly toxic compounds. This should be evaluated in future 

experiments by supernatant and off gas analyses during a biotransformation in combination 

with the investigation of underlying regulatory effects, for example, by applying omics 

analyses. 

Another question is why the cells do not exploit those apparently feasible PSII rates/ LEFs for 

faster growth under the reference condition without ongoing biotransformation. It was 

demonstrated before that stimulation of carbon fixation rates and biomass formation is 

feasible if the ATP supply or regeneration rate can be optimized. Thus ATP supply might be 

limiting under the chosen conditions. Growth of Synechocystis sp. PCC 6803 on nitrate 

instead of ammonium as N-source resulted, under some conditions, in a beneficial shift in 
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the AEF over LEF ratio, indicating a stimulated ATP regeneration. While in some cases such a 

ratio change resulted in stimulated growth, this may have been prevented in other 

conditions due to metabolic and molecular constraints (chapter 2, [256]). This might also be 

the case for the hydroxylation. Furthermore, the hydroxylation caused a reduction of the 

AEF over LEF ratio, indicating that the AEF to LEF ratio might already be ideal under the 

respective conditions and a faster growth might not be achievable. 

At this point, it cannot be excluded that the O2 evolution rate measurements were 

compromised by technical issues. Since the gas sensors are determining the oxygen share in 

the given volume flow, multiple effects can lead to errors. One aspect to consider is the 

assumption made that the gas flow is saturated by cyclohexane during the reaction phase 

and that the reaction is not substantial enough to cause a decrease in the cyclohexane 

volume share in the off-gas flow. If this assumption would not hold true, for example, due to 

compromised cyclohexane supply as discussed before, and the off-gas flow would be 

reduced, the net oxygen evolution rate and consequently the LEF would be lower. Further, 

the galvanic cell used in the sensors may have been affected by organic compounds such as 

cyclohexane, even though this is not to be expected according to the sensor specifications. 

Such possible technical and cellular issues should be further investigated in order to validate 

the physiological responses of Synechocystis sp. PCC 6803 to the monooxygenase-based 

electron withdrawal. 

The photon efficiency of cyclohexane hydroxylation by PCC6803_CYP 

The reaction efficiency of a photo-biotechnological biotransformation could be 

quantitatively assessed in this study by applying an electron/photon balance. Such an 

approach has been applied before to analyze the physiological responses of phototrophic 

cells to environmental or biocatalytic perturbations [217, 218, 256, 265]. Nielsen et al. 

calculated the photon efficiency for a diverse set of carbon-based products based on 

available literature data for growth and product formation, but without knowledge on in 

vivo rates for absorbed photons and photosynthetically derived electrons [264]. The 

calculations demonstrated that the share of photosynthetically derived electrons used for 

the synthesis of carbon-based products can be as high as 87% as in the case for the synthesis 

of 2,3-butanediol. However, however, no conclusions can be drawn on the efficiency of the 

totally available photons since the respective photon absorption rates were not considered. 

Zavrel et al. characterized ethylene formation in a recombinant Synechocystis sp. PCC 6803 
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strain in a semi-continuous system combining model-based and in vivo data [255]. They 

found that the number of photons absorbed per synthesized ethylene molecule depends on 

the incident light intensity, and that increased pathway capacity improved the photon yield 

to an optimum of 100.2 ± 14.3 photons per molecule ethylene at 50 µmol photons m-2 s-1 

[255]. We showed in a previous study that 682 to 824 photons have to be absorbed 

depending on the carbon and light availabilities to form one molecule of lactate in a 

recombinant Synechocystis sp. PCC 6803 [265]. In general, a high photon flux is not 

necessarily beneficial for a product on photon yield, as, with increasing light intensity, a 

bigger share of photons has to be dissipated due to limiting metabolic sinks and the resulting 

photo-inhibitory effects [164, 165]. On the other hand, excess light represents an energy 

potential which could be unleashed by additional electron sinks in the form of electron 

demanding biocatalytic reactions. 

The reaction efficiency of the cyclohexane hydroxylation, as it was accessed from photon 

absorption, PSII, and LEF rates, was surprisingly low: 180 ± 7 photons were absorbed for the 

synthesis of one cyclohexanol molecule. This corresponds to a productive photon usage of 

2.2 ± 0.5% (yield on absorbed photons, Table 4.1). This is less efficient compared to ethylene 

synthesis, but more efficient compared to lactate formation [255, 265]. In those systems 

though, carbon fixation and precursor synthesis require more electrons per product 

molecule and additionally ATP. 

While only a small fraction of the available light was exploited for cyclohexane 

hydroxylation, the apparent LEF increased significantly, which requires further investigations 

– ideally with a higher P450 activity in vivo. Overall, the electron flux going into the 

hydroxylation amounted to only 7.1% of the LEF leaving plenty of room for optimization 

(Table 4.1).  
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Conclusion 

In this study, we developed a strategy to perform the hydroxylation of cyclohexane during 

continuous cultivation. This enabled the characterization of the physiological response of the 

model organism Synechocystis sp. PCC 6803 to a biocatalysis-related artificial electron sink. 

Initial investigations showed that the whole-cell cyclohexane hydroxylation activity strongly 

depends on cultivation and reaction conditions. Furthermore, photosynthesis was found to 

react in a highly flexible way and to be sink limited. The cells instantly were able to provide 

the electrons required for the hydroxylation. Finally, it was shown that photosynthesis-

derived electrons fuel the P450 mediated reaction and that the reaction rate depends on the 

incident light intensity. Although the coupling of the P450 to the LEF appears to be quite 

inefficient, resulting in an inefficient use of photons for the biocatalytic reaction. 

Further development of the setup will be required to ensure operation stability and 

reproducible reaction rates. Following this, further experiments will be required to elucidate 

the physiological response of PCC6803_CYP to the representative whole-cell activity of 

around 20 U gCDW
-1 in the evaluation experiments. The approach described here constitutes a 

start point for the systematic evaluation of photosynthesis-driven biotransformation 

efficiency. It would furthermore be interesting to investigate the effect of changes in the 

light harvesting machinery such as the optimization of photon uptake via phycobilin 

engineering or targeted engineering of the electron transport chain on the reaction 

efficiency.  
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The sink effect in Synechocystis sp. PCC 6803 depends on the environmental conditions 

and the character of the additional sink 

Angermayr et al. addressed the need to systematically and quantitatively investigate the 

carbon sink effect in order to find underlying mechanisms and to gain knowledge for an 

efficient and straight forward strain development of photosynthetically active cells as whole-

cell biocatalysts [173]. The reason for that call was the highly differing observations made by 

many researchers when a heterologous pathway for the synthesis of a product directly from 

CO2 was introduced into photosynthetically active organisms. For some compounds, no 

stimulating effect of the respective introduced carbon sink on the carbon fixation rate, 

quantum efficiency, or the LEF and PSII rates, was observed. Others report a significant 

increase in one, a combination of, or all of them. All studies have in common that a 

comprehensive dataset is not given because accessing physiological parameters was not in 

the focus of the studies. The characterization of the dynamic photobiological response of 

Synechococcus elongatus to induced sucrose excretion represents one rare exception [168]. 

The authors observed increased electron transfer rates and increased quantum efficiency in 

comparison to the respective wildtype. 

Lactate synthesis from CO2 was selected in this study as a model carbon sink. It should be 

highlighted that previous studies on the same recombinant strain did not report any 

metabolic rate stimulation [135, 173]. Combining continuous cultivation with in-depth 

physiological characterization of the respective metabolic steady states confirmed these 

findings for light limited conditions: neither the carbon fixation rate, nor the quantum 

efficiency or LEF were increased upon lactate formation (Tab. 5.1). Under excess availability 

of light and CO2, carbon fixation rates were not stimulated; the effective quantum efficiency 

was increased slightly. This, however, had no effect on the LEF due to a simultaneous 

reduction of the photon uptake rate. Lactate was formed in both conditions at the expense 

of biomass formation, as the carbon fixation rate did not increase. 

An entirely different picture was gained under carbon limitation: lactate formation 

stimulated quantum efficiency, resulting in enhanced LEF and carbon fixation at a similar 

photon uptake rate. Similar responses, i.e., increased oxygen evolution (it has to be noted 

that this was measured in an assay at 800 µmol photons m-2 s-1 and not under cultivation 

conditions) and enhanced carbon fixation rates were observed for the synthesis of isoprene 

from CO2 under excess conditions (100 µmol photons m-2 s-1, 5% CO2) [79]. Sucrose secretion 
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was found to enhance carbon fixation rates and oxygen evolution rates during shaking flask 

cultivation at 65 µmol photons m-2 s-1 and 2% CO2, but all parameters were measured at 

different light and presumably carbon availabilities in a diverse set of assays, compromising 

the view on the sink effects [72]. Both studies used Synechococcus elongatus sp. PCC 7942 as 

model cyanobacterium and can be considered operated under excess carbon, but varying 

light conditions. This additionally complicates a direct comparison with the results obtained 

in this thesis. However, the introduction of an isopropanol synthesis pathway in 

Synechocystis sp. PCC 6803 resulted in increased quantum efficiency, LEF, and carbon 

fixation rate under similar carbon limited conditions (100 µmol photons m-2 s-1, ambient CO2) 

[170] as in case of the carbon limited conditions applied in chapter 3 for lactate synthesis. 

Table 5.1: Sink effects observed for the three model sinks investigated in this thesis. 

 
C-fixation rate Y(PSII), Qphar, LEF, AEF 

sink Light 
limitation 

Excess light 
and CO2 

Carbon 
limitation 

Light 
limitation 

Excess light 
and CO2 

Carbon 
limitation 

Lactate as 
carbon sink 

→ → ↑ →→→↘ ↗↘→→ ↗→↗↗ 

NO3
- as electron 

sink 
→ ↑ → ↗→↗↗ ↑↑↑↑ ↗→↗↑ 

Hydroxylation of 
cyclohexane as 
electron sink 

 →   ↑→↑↓  

Experimental data on the physiological responses of photosynthetically active cells to 

heterologous carbon sinks is scarce but exists. The physiological response to an additional 

electron sink, in contrast, is not yet described. The coupling of electron withdrawing 

enzymes to photosynthesis is still in an early research state, involving rather low reaction 

and thereby electron withdrawal rates. Many examples with decent rates and carbon 

partitioning exist for the synthesis of carbon-based products from CO2, but only a few 

examples can be found for the successful coupling of electron demanding enzymatic steps to 

photosynthetic water-splitting. The highest rates have been achieved in Synechocystis sp. 

PCC 6803 for enoate reductase-catalyzed C-C double bond reduction [86] and P450 

monooxygenase-catalyzed cyclohexane hydroxylation [85]. The focus of respective 

biocatalysis studies so far was the maximization of the initial whole-cell activity and not the 

characterization of physiological parameters. Coupling the mammalian cytochrome P450 

CYP1A1 to photosynthesis in Synechococcus sp. PCC 7002 is the only example, for which a 

stimulation of the quantum efficiency (0.0416 ± 0,002 in the WT versus 0.0436 ± 0.011 in the 
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recombinant strain) and the maximum ETR (357 electrons reaction center of PSII−1 s−1 in the 

WT versus 468 in the recombinant strain) has been reported [169]. The parameters accessed 

indicate physiological responses to a biocatalytic electron withdrawal, but the very low 

activity and the lack of other physiological rates such as O2 evolution rates at the respective 

growth conditions limit the conclusions which can be drawn from the provided data. The 

physiological responses were even measurable for rather low activities of 0.031 U gCDW
-1. In 

this thesis, two strategies were followed to investigate electron sink effects in Synechocystis 

sp. PCC 6803: variation of the electron demand via the supply of N-sources with differing 

degree of reduction under the same defined steady state conditions as applied for lactate 

synthesis on the one hand, and the above mentioned P450 monooxygenase-catalyzed 

cyclohexane hydroxylation with excess carbon and light availability on the other hand [85]. 

The additional electron demand was covered by enhanced quantum efficiency and an 

increased LEF, irrespective of the electron sink and the conditions applied. This increase of 

the quantum efficiency and LEF under all conditions, even under light limitation, supports 

the sink limitation hypothesis: additional sinks can relieve sink limitation, e.g., the down-

regulation of water splitting and electron transfer due to limited metabolic electron acceptor 

availability, resulting in enhanced photosynthesis rates [164, 165]. This was also observed for 

cyclohexane hydroxylation (chapter 4). Here, the reaction rate depended, as shown before 

[85], on the light availability and could be “switched on” instantly by substrate supply. 

Interestingly, the electron sink stimulated the carbon fixation rate similar to the carbon sinks 

lactate, isopropanol, and sucrose. The stimulation of the carbon fixation rate was found, 

similar to isopropanol [170], under excess light and carbon availability and not, as in the case 

of lactate synthesis, under carbon limitation. The quantification of light reaction rates 

revealed that the stimulation of the carbon fixation rate goes along with an increased AEF 

over LEF ratio in the cases of lactate synthesis and nitrate assimilation as additional carbon 

and electron sinks (Fig. 5.1). This ratio allows the estimation of ATP and reduced ferredoxin/ 

NAD(P)H regeneration rates as both contribute to ATP regeneration but only the LEF is 

responsible for reduced ferredoxin/ NAD(P)H regeneration. It was hypothesized already 

before that additional sinks have an impact on the cellular ATP/NAD(P)H balance [144, 170]. 

Photosynthetic metabolism is believed to be ATP limited as the LEF does not provide ATP 

and NAD(P)H in a ratio optimal for the Calvin-Benson cycle [167]. The cellular ATP/NAD(P)H 

balance can be modified by rearranging LEF and AEFs. An additional sink can have different 
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ATP/NAD(P)H requirements compared to biomass formation (chapter 3 and [144]). In the 

case of lactate formation, less ATP is required per C compared to biomass formation. 

Instead, the glycolytic reactions towards lactate regenerate ATP, resulting in significantly 

increased ATP availability. This was further supported in an increased AEF/LEF ratio. It is 

hypothesized that the additionally available ATP has the potential to promote the ATP 

dependent CCM, which explains the increased carbon fixation rate under carbon limitation 

(chapter 3 and Table 5.1). Similar hints were found for the stimulated carbon fixation rate 

upon isopropanol synthesis in Synechocystis sp. PCC 6803: the intracellular ATP over 

NAD(P)H concentration ratio increased significantly [170]. Such effects were not found under 

excess light and carbon availability, presumably due to an already optimal ATP/NAD(P)H 

ratio or a maximum carbon fixation rate under the selected conditions. Interestingly, the 

maximum carbon fixation rate was similar for both, the electron and the carbon sink, under 

excess conditions. This supports the hypothesis that the achieved rate represents the 

maximum carbon fixation rate under the selected environmental conditions. 

 

Figure 5.1: The ratio of AEF over LEF for the carbon sink (A, lactate formation) and the electron sink 

(B, N-sources with different reduction grade) in all tested conditions (LLHC: light limitation, HLHC: 

excess carbon and light availability, HLLC: carbon limitation). 

As said, the AEF over LEF ratio appears to be indicative a stimulation of the carbon fixation 

rate. Strikingly, the most dominant shift in that ratio was however observed under carbon 

limitation for nitrate as electron sink. Consequently, the question arises why this shift does 

not cause a stimulation of the carbon fixation rate. Noticeably, lactate formation as carbon 

sink did not result in increased growth (chapter 3). The additionally fixed carbon was 

exclusively channeled towards lactate. It can be hypothesized that underlying mechanisms 

and cellular modules/functions constrain and limit the biomass formation rate under the 

chosen carbon limited condition. Assuming this, a beneficial shift in the AEF to LEF ratio 
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would not result in enhanced carbon fixation rates as the WT would not be able to utilize 

additional carbon. Considering lactate formation as a carbon valve in such a scenario, carbon 

fixation can be increased even under the premise that biomass formation is limited by other 

factors than carbon availability. The possibility to uncouple carbon fixation from biomass 

formation by selecting appropriate light and carbon availabilities is an interesting finding and 

an interesting target to follow in future photo-biotechnological research. 

The investigated examples demonstrate that all additional sinks can cause a (carbon) sink 

effect that is the stimulation of quantum efficiency, LEF and/or carbon fixation rate. The 

reason why it was not observed for many other products might simply be that the 

physiological responses to the respective sinks were not quantified under appropriate 

conditions. As observed here, lactate formation caused either a distinct stimulation of 

metabolic rates or no obvious response at all, depending on the applied growth conditions. 

The same might be the case for other products. Possible physiological responses to the 

heterologous pathway may depend on the growth conditions and the specific impact on the 

ATP/NAD(P)H balance. This clearly emphasizes the benefits but also the importance of 

systematic and quantitative approaches to investigate photosynthesis efficiency. It would be 

interesting to apply similar approaches for other carbon and electron sinks to verify the 

hypothesized change in ATP/NAD(P)H balance as underlying mechanisms and combine it 

with a quantitative determination of intracellular metabolite pools, especially ATP and 

NAD(P)H. Engineering of the cellular redox metabolism might be a powerful strategy to 

enhance product formation rates in photosynthetically active cells. Especially, introducing a 

NAD(P)H oxidase might be an interesting approach to simulate a strong biocatalytic electron 

withdrawal and shift the ATP/NAD(P)H balance. 

The importance of the defined, steady (metabolic) state for a systematic and rational 

strain characterization and process development 

As discussed in this study, the physiological responses of photosynthetically active cells and 

thereby the metabolic capabilities are highly dependent on the respective metabolic state, 

i.e., the environmental condition to which the cells are adapted to. Since strain, reaction and 

process engineering depend on the proper characterization of the whole-cell biocatalyst, it is 

essential that the metabolic state is well defined and reproducible. This, however, is not 

given during standard batch cultivation, where increasing cell density leads to shading 
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effects and thus decreasing light availability and simultaneously varying CO2 availabilities. 

Such environmental dynamics lead to a permanent acclimation of the cells [148, 149]. 

Consequently, stable and steady environmental conditions are the basis for the appropriate 

determination of physiological changes upon perturbations by metabolic engineering or 

reaction engineering (temperature, substrate availability including light and CO2). This was 

not in focus in the field of photo-biotechnology so far, as exemplified by the small number of 

systematic and quantitative studies applying continuous and semi-continuous cultivation 

strategies to gain insights into the quantitative properties of photosynthetically active cells 

[150, 152-154, 255, 259]. In this study, establishing steady states enabled to quantify the 

sink effect in Synechocystis sp. PCC 6803 and offered explanations for the contradictory 

observations in literature. Furthermore, the precise and quantitative evaluation of 

physiological responses to perturbations can provide new targets for further investigations. 

An example is the increased PSII rate and the enhanced quantum efficiency observed when 

cells were supplied with nitrate instead of ammonium under low light (chapter 2). This was 

highly unexpected and contrary to the assumption that quantum efficiency and PSII rates are 

optimized under low light availability in order to achieve a maximum water oxidation rate to 

fuel metabolic processes. The reason for that remains unclear but its elucidation might 

provide hints for further optimization of photosynthesis rates even under low light 

availabilities. Another aspect is the in-depth investigation of the redox metabolism under 

defined steady states to clarify the actual impact of sinks, but also of environmental 

conditions (such as light and carbon availability), on the cellular physiology. 

But not only the physiology itself was shown to depend on the steady state conditions. Also 

the whole-cell activity of Synechocystis sp. PCC 6803 was strongly dependent on the 

metabolic state during the cultivation of the biocatalyst and the assay conditions (chapter 4), 

with activities ranging from close to zero to around 80 U gCDW
-1. This emphasizes that the 

biocatalyst state and the assay conditions should not be neglected in photo-biocatalysis. 

Besides of target identification for strain engineering purposes, the characterization of 

cellular physiology at steady states demonstrated its potential for reaction and process 

engineering. The carbon partitioning was shown to not only depend on the pathway 

properties, but also on the acclimation state of the cells. For instance, carbon partitioning 

towards lactate could be increased with excess light availability (chapter 3). Additionally, the 

specific lactate formation rate for the same strain was enhanced by a factor of 12.4 by 
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modification of growth/reaction conditions in comparison to previous data [135], indicating 

the potential in increasing product formation rates by the selection of product formation 

promoting conditions. 

Such defined steady state analyses will furthermore promote the application of omics 

technologies in photo-biotechnology. Even today, at the end of the 2010s, omics approaches 

are not widely applied in photo-biotechnology even though the benefits are recognized 

[273]. An example is the field of fluxomics, which is the investigation of the intracellular 

metabolic rates. This relies heavily on the precise measurement of physiological parameters. 

The slow progress in experimental data-based MFA [147, 274] in contrast to solely network-

based approaches such as FBA [143-146, 275] can be attributed to the limited access to 

quantitative experimental data. Consequently, network reconstruction and 13C-based MFA 

will benefit from such cultivation approaches as modelling data can be more easily verified 

and utilized for projections to optimize cellular fluxes for product formation. Applying 

systems biology tools in steady states will accelerate in-depth systems knowledge and 

thereby target identification for a more rational and systematic strain development in 

photo-biotechnology. 

The potential of photo-biotechnology to contribute to the decarbonization of industrial 

processes 

Quantitative data allow estimating the potential of photosynthetically active cells for photo-

biotechnology and its potential contribution to the decarbonization of the chemical industry. 

Here, we take the photo-biotechnological production of lactate directly from CO2 as a 

theoretical example. The aim is to produce 10000 t y-1, as it is the case for the fermentative 

production of the platform chemical succinate in a joint venture between BASF and Corbion 

Purac [276]. The calculations are based on the following assumptions: i. the carbon fixation 

rate measured in chapter 3 is the maximum rate achievable, and, ii. excess light is provided 

24/7 for continuous process operation. The calculation was further conducted with a 

biocatalyst concentration of 2 g l-1, which is roughly the cell concentration achieved at the 

end of batch cultivations of Synechocystis sp. PCC 6803. A carbon partitioning of 20% 

towards lactate, as it was achieved in chapter 3 under light excess conditions, was assumed. 

With those premises, a plant with a 25661 m³ reactor would be required to achieve the 

yearly production of 10000 t of lactate. This is 3.4 times the size of the closed bioreactor 

system operated by BGG (China) for the photo-biotechnological production of Astaxanthin at 
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7500 m³ scale. Utilizing glucose as carbon source, the lactate forming heterotrophic 

Enterococcus faecalis can produce the same amount of lactate in a 170 times smaller reactor 

(150 m³, Table 5.2). 

Table 5.2: Estimated bioreactor scales for the production of 10000 t/year of the model compound 

lactate and varying process and biocatalyst properties. 

Carbon partitioning towards lactate [CP] CP 20% CP 50% CP 80% CP 100% E. 
feacalisb 

Carbon fixation ratea / glucose uptake rate 

[mmol C gCDW
-1 d-1] 

89.9 89.9 89.9 89.9 3440 

Carbon fixation rate / glucose uptake rate 

[mol C gCDW
-1 y-1] 

32.8 32.8 32.8 32.8 1256 

Lactate formation rate [mol Lactate gCDW
-1 y-1]     375 

Lactate formation rate [mol Lactate l-1 y-1]c      

Biocatalyst concentration      

2 g l-1 4 11 18 22 750 

44 g l-1 d 96 241 385 481 16500 

100 g l-1 e 219 547 875 1094 75000 

Required yearly lactate production rate 

[million mol lactate y-1] 

112 112 112 112 112 

Bioreactor volume [m³]      

Biocatalyst concentration      

2 g l-1 25661 10264 6415 5132 150 

44 g l-1 d 1166 467 292 233 6.8 

100 g l-1 e 513 205 128 103 1.5 

Assumptions: a. maximum carbon fixation rate of chapter 3 is reached; b. Parameters determined for 

Enterococcus faecalis CBRD01 in batch cultivation [277]; c. the whole-cell biocatalyst operates at 

24/7 under steady conditions (excess light and carbon availability); d. biomass concentration in a 

phototrophic/heterotrophic mixed species approach on biofilm scale [137]; e: biomass concentration 

achievable in heterotrophic cell-based bioprocesses. 

The biocatalyst concentration would be one of the first parameters to tackle for a process 

optimization, considering that bioprocesses based on heterotrophic microorganisms are 

operated at up to 100 gCDW l-1. The highest biomass concentration for Synechocystis sp. 

PCC 6803 was achieved via a biofilm concept involving a mixed species approach. There, a 

combined biomass concentration of 51.8 gCDW l-1 could be achieved with photosynthetically 

active Synechocystis sp. PCC 6803 cells accounting for 85 percent of the cells [137]. Assuming 

that a photo-biocatalytically active cell concentration 44 gCDW l-1 can be reached, the reactor 

volume would decrease to 1166 m³. This is already in a scale which is commercially applied, 

as seen for the example of BGG (China). But also Roquette (Germany) operates a photo-
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bioreactor at half of that size (600 m³). However, such an increase in biomass concentration 

seems challenging for suspended cultures when taking into account that light and carbon 

have to be supplied in excess to achieve a homogeneously high lactate formation rate in the 

whole reactor. 

One strategy to further improve the process performance is to optimize the carbon 

partitioning towards the product, which is actually an obvious main goal in photo-

biotechnology [278]. An increase of the carbon partitioning to 80%, as it was achieved for 

some products in cyanobacteria [173], would result in a decrease of the required reaction 

volume by approx. 75%. This would simultaneously reduce the biomass production rate and 

thereby nutrient demand, resulting in an improved life cycle balance of the process. On 

process level, the application of a biofilm might even allow achieving a carbon partitioning of 

close to 100%, if growth can be minimized [137, 279]. In such a case, the reactor volume 

could be reduced to 233 m³, which can be considered feasible for a photo-biotechnological 

setup. To further improve strain and process performance in future, different parameters 

can be addressed, such as for example the engineering of the carbon fixation rate [249, 250]. 

Selecting more suitable strains with intrinsic faster growth rates and consequently higher 

carbon fixation rates, such as Synechococcus elongatus UTEX [280, 281], provide further 

potential to improve process performance. 

However, the theoretical reactor volume of 233 m³ is still 34 times higher than a theoretical 

process based on E. faecalis and glucose as carbon and energy source. This underlines that 

the cellular productivity of photosynthetically active cells is rather low in comparison to 

heterotrophic cells, irrespective of the assumptions made here. The central question 

regarding the implementation of photo-biotechnological processes will be: can the intrinsic 

advantages of photo-biotechnological systems compensate for the disadvantage of the 

relatively low productivity? The main advantage is the utilization of the abundant CO2 

instead of glucose or other organic feedstocks and the potential to couple it to carbon 

dioxide producing processes to create a closed carbon cycle. For the above process frame 

and the given yield of lactate on glucose, approximately 11300 t glucose would have to be 

supplied, not taking into account the initial biocatalyst production. This can be considered a 

major cost factor. The utilization of CO2 as process feed constitutes an economical 

advantage: a ton CO2 is traded with 25 EUR (according to the European Emission 

Allowances), a ton glucose with 350-600 EUR. Thus utilization of CO2 can be considered not 
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only environmentally, but also economically more attractive under the premise that no 

energy-intensive concentrating processes have to be applied. While the use of CO2 is an 

advantage, the cultivation technology in photo-biotechnology represents a major cost factor 

and requires further research [138-140]. Closed photo-bioreactors are cost intensive and the 

illumination with light to enable a 24/7 continuous process seems only feasible in a future 

scenario with cheap and unlimited availability of electricity from renewable energy sources. 

Cultivation under natural day-night cycles will further result in a reduction of overall growth 

and thereby carbon fixation rates, up to a factor of 3.5 was described for diverse green algae 

[282, 283], but allows for a reduction of energy demands for illumination. 

Associated costs for the production of organic feedstock, as here for example glucose, have 

also to be considered for a comprehensive and fair evaluation of photo-biotechnological 

processes. As in the case of biofuels, organic feedstock for microbial processes has to be 

produced by agricultural means, resulting in a land use conflict with food production [37-39]. 

This is an important aspect in the context of the increasing global population and 

simultaneous decrease of arable land. But not only the land use, but also the energy demand 

throughout the whole supply chain has to be considered for a comprehensive ecological and 

economic evaluation of all process options. In the end, a photo-biotechnological process 

may become favorable in comparison to a heterotrophic process under considerations of the 

true ecological and economic factors, such as climate and environmental costs. Photo-

biotechnology may already represent a feasible alternative to heterotrophic biocatalysis for 

high priced specialty products with rather low production volumes. 
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Chapter 6: Conclusion and Outlook 
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Rational and efficient photo-biotechnological whole-cell biocatalyst and bioprocess 

development are hindered by insufficient knowledge about photosynthetically active cell 

systems. Compared to other scientific and industrial workhorses, such as Escherichia coli, 

(quantitative) knowledge about the regulatory networks, the metabolic constraints, and the 

physiological responses to perturbations, i.e., biocatalytically induced carbon and electron 

sinks, is missing for photosynthetically active cells. 

This study demonstrates the potential of a systematic and quantitative investigation of 

photosynthetically active cells for future progress in photo-biotechnology. Standard 

principles in heterotrophic strain and process development [100, 131] were followed in this 

study, especially the characterization of cellular properties and responses to perturbations in 

defined and steady states on the basis of cellular rates. This enabled to gain new insights 

into the interaction of metabolism and biocatalytic activity and contributed knowledge to 

address old scientific questions, namely the (carbon) sink effect. 

A systematic and quantitative approach in photo-biotechnology will furthermore provide 

new insights into the cellular capabilities and the responses to perturbations, i.e. 

environmental conditions, reaction conditions, and biocatalytic activity. Thereby, it will pave 

the way towards target identification for the optimization of photosynthetically active host 

organisms on cellular and metabolic level and accelerate strain and bioprocess development 

in photo-biotechnology. 

To sum up, the development of photo-biotechnological processes for the synthesis of bulk 

chemicals directly from CO2 based on the presented estimations appears to be challenging, 

but not impossible in future. The production of high-value compounds, such as fine 

chemicals and pharmaceutical compounds with lower yearly demand and higher prices, 

either from CO2 or in a biotransformation approach, is closer to application. Thinking on the 

global scale, a total bioreactor volume of 0.82 km³ (under the premises of the given carbon 

fixation rate, the biocatalyst concentration in biofilms, and 80% carbon partitioning, Table 

5.2) would be required to fix the yearly anthropogenic CO2 emission of 11.3 Gt C y-1. This 

corresponds roughly to the volume of the German lake Müritz (0,737 km³). The potential 

contribution of photo-biotechnology to a general decarbonization thus can be considerable. 

Photo-biotechnology can be an important puzzle-piece contributing to the industrial 

decarbonization by utilizing CO2 for the synthesis of value-added compounds and energy 

carriers.  
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Figure S1: Emission spectrum of the bioreactor LED panel used in this study normalized to 1 µmol 

photons m-2 s-1 PAR. 

 

 

 

Figure S2: Growth of PCC6803 at different ammonium concentrations. No negative effect on 

growth in batch mode was observed up to an ammonium concentration of 50 mM. PCC6803 was 

cultivated in shake flasks at 50 µmol photons m-2 s-1 in YBG11 supplemented with 50 mM HEPES at 

pH 7.8 and different concentrations of ammonium chloride ranging from 2.5 to 50 mM. 
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Figure S3: Chlorophyll a-specific absorption spectra of PCC6803 under different sink-source 

availabilities. The spectra were measured for cells in the investigated metabolic states low light 

high carbon (LLHC, panel A), high light high carbon (HLHC, panel B), and high light low carbon 

(HLLC, panel C). 
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Figure S4: Wavelength-dependent quantum uptake rate (Qphar) of PCC6803 under different sink-

source availabilities. Spectra were measured on three different days per condition and averaged: 

low light high carbon (LLHC, panel A), high light high carbon (HLHC, panel B), and high light low 

carbon (HLLC, panel C). 
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Figure S5: Light induction curves (LIC) of PCC6803 WT and SAA023 under the tested conditions. LICs 

were performed for cells grown in the conditions light limitation (LLHC, panel A), excess availability 

of light and carbon (HLHC, panel B), and carbon limitation (HLLC, panel C). 
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