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Zusammenfassung 

Der Einsatz von photoautotrophen Mikroorganismen als Chassis für die Ganzzellbiokatalyse er-

laubt die biotechnologische Produktion von Basischemikalien und Biokraftstoffen auf Basis von 

CO2. Statt organische Kohlenstoffverbindungen zu nutzen, (Re-)Aktivieren diese mikrobiellen 

Zellfabriken CO2 mit Hilfe von Sonnenlicht. Trotz einer Großzahl an entwickelten Biokataly-

satoren scheitert die großtechnische Umsetzung solcher Prozesse an den bislang begrenzten 

Produktionsraten und Titern. Diese erlauben zum jetzigen Zeitpunkt keine wirtschaftlich sinnvol-

le Anwendung. Um das Potential dieser Ganzzellbiokatalysatoren auszuschöpfen sind weitere 

Fortschritte im Bereich der Biokatalysator- und Prozessentwicklung notwendig. 

Die vorliegende Arbeit beschäftigte sich mit dem Design, der Konstruktion und Charakterisierung 

eines photoautotrophen Ganzzellbiokatalysators zur Produktion von 1,2-Propandiol (Propylen-

glykol). Besonderes Augenmerk wurde dabei auf den Einfluss von Speicherstoffen auf die Aktivi-

tät des synthetischen Stoffwechselweges gelegt. Um die Propandiolproduktion zu ermöglichen 

wurde ein synthetischer Stoffwechselweg bestehend aus einer Methylglyoxalsynthase, einer Al-

dehydreduktase und einer Alkoholdehydrogenase in Synechocystis sp. PCC 6803 eingebracht. Die 

daraus entstehenden Enzymaktivitäten ermöglichen die Umsetzung von Dihydroxyacetonphos-

phat zu Methylglyoxal, welches weiter zu Acetol und schließlich zu 1,2-Propandiol reduziert wird. 

Unter optimierten Kultivierungsbedingungen konnten mit dem so erzeugten Ganzzellbio-

katalysator bis zu 1 g L-1 (13 mM) 1,2-Propandiol hergestellt werden. Dabei handelt es sich um 

die bislang höchste publizierte 1,2-Propandiol Konzentration in einem photoautotrophen Orga-

nismus. Es konnte eine maximale Produktionsrate von bis zu 2.8 mM d-1 erreicht werden, was 

einer spezifischen Aktivität von ca. 55 µmol h-1 gCDW
-1 entspricht. Hierbei beschränkte sich die 

Produktion von 1,2-Propandiol auf die späte Wachstums- und stationäre Phase. 

Die durchgeführten Experimente zeigten eine deutliche Abhängigkeit der 1,2-Propandiolpro-

duktion vom Abbau des intrazellulären Speicherstoffs Glykogen. Sobald das vorher angesam-

melte Glykogen aufgebraucht war, stoppte auch die 1,2-Propandiolproduktion. Eine verringerte 

Glykogensynthese hatte signifikant verringerte 1,2-Propandioltiter zur Folge. Experimente mit 

13C markiertem CO2 identifizierten Glykogen als Quelle für 25% des im Produkt enthaltenen Koh-

lenstoffs, während die restlichen 75% direkt durch den Calvin Zyklus bereitgestellt wurden. Zu-

sätzliche Experimente ohne Lichtquelle zeigten klar das die Produktion von 1,2-Propandiol von 

der Verfügbarkeit von Lichtenergie und einen stattfindenden Glykogenabbau abhängt. 
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Die eingesetzte Methylglyoxalsynthase ist Startpunkt des Methylglyoxal Stoffwechselweges aus 

E. coli, der unter Phosphatmangel und einem Überschuss an GAP/DHAP aktiviert wird. Sequenz-

übereinstimmungen zwischen den Aminosäuresequenzen implizieren, dass der Methylglyoxal-

stoffwechselweg in Synechocystis sp. PCC 6803 vorhanden ist. Die Ergebnisse der durch-

geführten Experimente deuten darauf hin, dass die Regulation des Methylglyoxalstoffwechsel-

weges über die Methylglyoxalsynthase die Produktion von 1,2-Propandiol auf die stationäre 

Phase beschränkt. Diese Auswirkungen zeigen sich in allen rekombinanten Stämmen die via Me-

thylglyoxalsynthase auf DHAP zugreifen. Damit ist die Methylglyoxalsynthase ein logischer An-

satzpunkt für die weitere Stammoptimierung. 

Bei der Maßstabsvergrößerung von Schüttelkolbenkulturen in den 2-3L Bioreaktormaßstab redu-

zierte sich die produzierte 1,2-Propandiolmenge um ca. 50%. Zusätzliche Messungen der Kohlen-

stoffdioxidaufnahmerate des Bioreaktors ergaben eine netto CO2 Freisetzung während der 1,2-

Propandiolproduktion, die einherging mit einer netto Sauerstoffaufnahme. Dies deutet auf eine 

reduzierte Aktivität des Calvin Zyklus hin und erklärt die verringerte Produktkonzentration im 

Vergleich zu den vorherigen Experimenten.  

Als Alternative zur planktonischen Kultivierung wurde die Biofilmbildung von Synechocystis sp. 

PCC 6803 untersucht. Es gelang Synechocystis Biofilme in Glaskapillaren zu kultivieren. Durch die 

Einführung zusätzlicher Scherkräfte in Form von Gassegmenten gelang es das Biomasse-

wachstum zu begrenzen. Hierdurch konnte sich ein stabiler Biofilm mit einer Schichtdicke von 

70–120 µm entwickeln. Ab diesem Zeitpunkt konnte kein weiteres Biofilmwachstum beobachtet 

werden, es kam auch nicht zu einer Ablösung von Biomasse. Die Weiterentwicklung dieses Reak-

torkonzepts könnte in Zukunft die kontinuierliche Produktion von Wertprodukten aus CO2 und 

Sonnenlicht ermöglichen.  
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Summary 

The application of photoautotrophic microorganisms in biotechnology enables the development 

of next-generation microbial cell factories, which utilize sunlight to (re-)activate carbon dioxide. 

This enables the cells to provide carbon skeletons for the production of chemical feedstock and 

biofuels without the need for an organic carbon and energy source. However, up to now, the 

production rates and product titers achieved with these cell factories are low and far away from 

an economically feasible process. Further progress has to be made in biocatalyst and process 

engineering to increase the understanding and fully exploit the capacities of these biocatalysts. 

This work focused on the development of a photoautotrophic whole-cell biocatalyst for the pro-

duction of 1,2-propanediol (propylene glycol). Particular focus was placed on the interconnec-

tion between the accumulation of internal storage compounds and the influence on the 

production capacity of the synthetic pathway. A synthetic pathway comprising a methylglyoxal 

synthase, an aldehyde reductase, and an alcohol dehydrogenase was inserted into Synechocystis 

sp. PCC 6803 to convert dihydroxyacetone phosphate to methylglyoxal, which is subsequently 

reduced to acetol and then to 1,2-propanediol.  

The recombinant strain successfully produced 1,2-propanediol at an approximate rate of 

2.8 mM d-1 (55 µmol h-1 gCDW
-1). Surprisingly, maximal productivity was observed in the 

stationary phase. Optimization of cultivation conditions allowed final product titers of almost 

1 g L-1 (13 mM), which are the highest values published so far for the photoautotrophic produc-

tion of this compound. 

The production of 1,2-propanediol was coupled to the turn-over of intracellular glycogen. Upon 

depletion of the glycogen pool, product formation stopped. Reducing the carbon flux to glycogen 

significantly decreased final product titers. Experiments utilizing 13C-labeled carbon dioxide re-

vealed carbon fluxes and partitioning between biomass, storage compounds, and product. About 

one-quarter of the carbon incorporated into 1,2-propanediol originated from glycogen, while the 

rest was derived directly from CO2 fixed in the Calvin cycle. Furthermore, experiments conducted 

in darkness showed that 1,2-propanediol synthesis was depending on the availability of photo-

synthetic active radiation and glycogen catabolism. 

The applied methylglyoxal synthase is part of the methylglyoxal bypass of E.coli, which is 

activated under phosphate starvation and excess of GAP/DHAP. Homology comparison of the 

genomic sequence to genes encoding for the methylglyoxal bypass in E.coli suggested the exist-
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ence of such a pathway also in Synechocystis sp. PCC 6803. There are indications that the regula-

tion of the methylglyoxal bypass via methylglyoxal synthase interferes with the synthetic path-

way leading to 1,2-propanediol in Synechocystis sp. PCC 6803. These findings are essential for all 

heterologous pathways coupled to the Calvin cycle-intermediate dihydroxyacetone phosphate 

via a methylglyoxal synthase. The methylglyoxal synthase was identified as a future engineering 

target for rational strain optimization. 

The transfer of the process from cultivation in shaking flask to the 2-3 L benchtop bioreactor 

scale led to a reduced process performance with only half of the titers observed previously in 

shaking flasks. Additional measurement of carbon uptake rates indicated a different picture 

compared to the experiments in shaking flasks concerning the carbon fluxes. Here, no Calvin cy-

cle activity accompanying 1,2-propanediol production could be detected. Instead, only glycogen 

catabolism with CO2 evolution and oxygen consumption was observed. 

Additionally to the conventional planktonic cultivation, also the cultivation of Synechocystis sp. 

PCC 6803 as a biofilm was investigated. Synechocystis sp. PCC 6803 could be grown in a biofilm 

covering the surface of glass capillaries. The additional hydrodynamic forces generated by a 

segmented flow prevented excessive biomass formation and clogging. The biofilm developed up 

to a thickness of 70–120 µm. The biofilm stopped growing at this thickness and stayed constant 

without any detachment events occurring afterwards. This biofilm reaction setup may enable 

continuous light-driven synthesis of value-added compounds in the future. 
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1.1 Industrial biotechnology for a new bioeconomy 

With the beginning of the 21st century, society faces the challenge to adapt to the limited availa-

bility of fossil carbon-based feedstocks and their negative impact on the global environment 

caused by the released carbon dioxide. In the context of an ever-growing global population, a 

transition from a fossil fuel-based economy to a sustainable and climate-friendly bio-economy is 

becoming inevitable for the wellbeing of future generations. 

The European Commission defined the term bioeconomy as "the production of renewable 

biological resources and the conversion of these resources and waste streams into value-added 

products, such as food, feed, bio-based products and bioenergy" (European Commission, 2012). 

This new economy includes the sectors of agriculture, forestry, fisheries, food and pulp, and pa-

per production, as well as the chemical, biotechnological and energy industries. An essential part 

of a successful bioeconomy is the production of energy carriers and chemical feedstocks from 

renewable resources. The resulting reduced dependency on non-renewable resources confines 

the consequences of climate change and ensures the ongoing supply of chemicals and energy. 

Thereby major objectives of a bioeconomy can be fulfilled.  

In contrast to a non-renewable resource, like fossil fuel, a renewable resource overcomes deple-

tion by biological reproduction or other naturally occurring processes. It is thereby of utmost 

importance that depletion of the resource does not outcompete the timeframe of the 

reproduction. Therefore, the bio-based renewable production of carbon-based compounds re-

quires the recirculation of carbon dioxide within a reasonable time frame. The assembly of CO2 

into biomass is part of the naturally occurring carbon cycle. Hereby, CO2 is utilized as an 

abundant and renewable carbon source fueled by solar irradiation.  

Regrowing biomass can be converted by physical, chemical, and biochemical means into energy 

carriers and building blocks for the chemical industry in a biorefinery (Suhag and Sharma, 2015). 

However, plants still need arable land and are slow growing in comparison to algae and cyano-

bacteria. Microorganisms have proven to be versatile, fast growing and robust chassis for bio-

technology. Therefore, an even more direct way of CO2 utilization is the direct microbial 

conversion of CO2 into chemical feedstocks. 

Industrial biotechnology, also known as white biotechnology refers to the application of enzymes 

or microorganisms for the production of industrially relevant chemical compounds. Since the be-

ginning of the last century, white biotechnology applies microbial cell factories for the pro-
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duction of fermentation products from carbohydrate-based carbon sources. Starting with the 

late 1990s, also cyanobacteria and algae were utilized for the direct production of biofuels and 

value-added chemicals. Thereby, value-added compounds are directly produced from CO2, wa-

ter, and sunlight by photosynthetic microbial cell factories (PMCFs, Figure 1-1).  

The benefits of this approach are manifold. First, carbon 

dioxide is an abundant, non-fossil, and inexpensive feed-

stock. Second, the cultivation of algae and cyanobacteria 

does not depend on arable land and does therefore not 

compete with the food supply of the increasing 

worldwide population. And third, a new feedstock for the 

chemical industry is made available, which finally reduces 

the dependency on fossil fuels.  

1.2 Photoautotrophic microorganisms for the production of chemicals 

Photoautotrophic microorganisms performing oxygenic photosynthesis can be divided into pro-

karyotic cyanobacteria and eukaryotic algae. Oxygenic photosynthesis developed approximately 

3 billion years ago in cyanobacteria and changed the way life developed on earth. Since then, 

light is utilized to extract electrons from water. Thereby biochemical energy and reduction po-

tential are generated, and also, molecular oxygen is released as a side product. For several billion 

years, cyanobacteria accumulated oxygen in the atmosphere, which further enabled the evolu-

tion of aerobic microorganisms. It is widely believed that later on, endosymbiotic events led to 

the development of the modern eukaryotic cell. Thereby, endobiosis of a photoautotrophic cya-

nobacterium led to the development of eukaryotic algae and finally to the evolution of higher 

plants. 

Consequently, either algae or cyanobacteria are applied as PMCFs. The ideal photoautotrophic 

microbial chassis would be easily accessible for genetic manipulation, would have a high carbon 

capture capability and would harvest light with high efficiency. Additionally, it would be resistant 

to contamination, have minimal nutritional needs, would growth in and utilize non-potable wa-

ter sources, and have a low requirement for fertilizers (Hays and Ducat, 2015). 

 

Figure 1-1: Photosynthetic microbial cell factory 
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Whereas some green algae like Chlamydomonas reinhardtii are now accessible for genetic engi-

neering, the ability in genetic modification of eukaryotic algae is still limited (Wijffels et al., 

2013). In contrast, cyanobacteria are less complex and generally easier accessible for genetic 

modification. Cyanobacteria are a genetically diverse class of eubacteria inhabiting a wide range 

of different ecosystems (Beck et al., 2012). They can be isolated from fresh water, salt water, 

and terrestrial habitats distributed over all climatic zones (Mazard et al., 2016). Thus, cyanobac-

teria are promising chassis for industrial applications. Despite that, mainly two cyanobacterial 

strains are currently applied as PMCFs.  

The first one, Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis) was isolated 

from a freshwater lake in California in 1968 (Stanier et al., 1971). Since then it was extensively 

studied as the first photoautotroph which genome was completely sequenced (Kaneko and 

Tabata, 1997). In addition, this strain is highly amenable to genetic modification and can grow 

photomixotrophically on glucose. These advantages made it the ideal choice for photosynthesis 

research. Consequently, Synechocystis is the best known and investigated cyanobacterial strain 

up to today. These are the characteristics which made it also an obvious choice for metabolic 

engineering approaches. 

The other often used strain for metabolic engineering in cyanobacteria is the obligate photoau-

totrophic Synechococcus elongatus, which was first described by Nägeli in 1849 (Nägeli, 1849). 

The today applied strain Synechococcus elongatus PCC 7942 (hereafter referred to as Synecho-

coccus) was isolated from freshwater in California in 1973 (Codd and Stewart, 1976). Recently, 

the whole genome sequence was made available by the Joint Genome Institute (JGI, USA).  

In addition to these two strains, only a few others are applied because of their unique abilities. 

Synechococcus PCC 7002 is a fast-growing marine cyanobacterium that is of interest for an in-

dustrial application because it can grow at elevated salt concentrations and temperatures 

(Ruffing et al., 2016). Thermosynechococcus elongatus is of interest because of its ability to grow 

at elevated temperatures and Anabaena/ Nostoc sp. PCC 7120 strains were used if nitrogen fixa-

tion was involved, especially for the production of hydrogen by nitrogenases (Heidorn et al., 

2011). Up to now, strains were not selected for a specific purpose, and there might still be a vast 

potential for improvement. 
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1.3 Bioprocess development utilizing PMCFs 

For the successful implementation of PMCFs in industrial biotechnology, the integrated develop-

ment of the different levels of bioprocess engineering is crucial. Figure 1-2 shows an overview of 

these development steps. The following chapters will focus on the most critical aspects of cya-

nobacterial bioprocess engineering. 

 

Figure 1-2: Bioprocess development for photofermentation 

Illustration showing the different development stages from biocatalyst engineering via reaction engineering to process enginee-

ring that have to be addressed in the development of a biotechnological process applying a photoautotrophic biocatalyst. 

1.3.1 Pathway engineering principles 

The foundation for successful metabolic engineering is the availability of well-established molec-

ular biological methods. Molecular biological bricks for Synechocystis and Synechococcus are 

available, but not to the extent as they are for other industrial relevant strains like E.coli. There-

fore, further progress in the development of synthetic parts that allow enhanced strain and met-

abolic engineering in cyanobacteria is needed. Nevertheless, during the last decade, synthetic 

pathways have been engineered in cyanobacteria, and numerous studies have demonstrated the 

potential of cyanobacteria as a biotechnological platform. Proof of concept for the production of  
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ethanol, isopropanol, 1,2-propanediol, 1,3-propanediol, n-butanol, isobutanol, 2,3-butanediol, 

glycerol, lactic acid, isoprene, acetone, alkanes, ethylene, and also some fine chemicals have 

been shown. During the last years, the metabolic engineering work in cyanobacteria has been 

extensively reviewed (Angermayr et al., 2015; Oliver and Atsumi, 2014; Savakis and Hellingwerf, 

2015, and numerous others). Table 1-1 (page 10ff.) shows a summary of the current state-of-

the-art processes, comparing the industrially relevant process parameters such as light regime 

and DIC supply and the resulting titers and rates on a C-mol basis. Moreover, metabolic engi-

 

Figure 1-3:  Established synthetic pathways in cyanobacteria 

Overview showing the simplified core carbon metabolism of cyanobacteria, previously constructed synthetic pathways, and 

genes and reactions that are commonly targeted to disable competing pathways. Matching colors are indicating pathways start-

ing from the same intermediate within the central carbon metabolism (blue – acetyl-CoA, green – pyruvate, yellow – DHAP/GAP, 

orange – F6P, grey – TCA cycle intermediate). Additionally, the two primary storage compounds accumulating in cyanobacteria, 

glycogen (GLG) and polyhydroxybutyrate (PHB) are marked in orange (see also Table 1-1 for details and sources). 
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neering parameters such as used precursors, applied promotors and heterologous as well as de-

leted genes are listed. 

Figure 1-3 shows the integration of the products listed in Table 1-1 into the cyanobacterial me-

tabolism. Matching background colors indicate pathways starting from the same intermediate 

within the central carbon metabolism. The two primary storage compounds accumulating in cy-

anobacteria, glycogen (GLG) and polyhydroxybutyrate (PHB) are highlighted in orange. Also, pos-

sible targets for the deletion of pathways, which compete for carbon, are highlighted.  

The pathways are divided into five groups based on the starting intermediate (hexoses, 

GAP/DHAP, pyruvate, acetyl-CoA, and TCA cycle intermediates). A majority of the synthetic 

pathways withdraws either pyruvate or acetyl-CoA from the central carbon metabolism. Also, 

the most successful metabolic engineering approaches for the production of ethanol (Gao et al., 

2012; Namakoshi et al., 2016) and 2,3-butanediol (Oliver et al., 2013) are connected to these 

two precursors. Another significant junction is represented by glyceraldehyde-3-phosphate 

(GAP) and dihydroxyacetone phosphate (DHAP). Those precursors are the closest one to the CO2 

fixation. Additionally, hexose phosphates are utilized directly from the Calvin-Benson-Bassham 

cycle (hereafter Calvin cycle). In contrast, only two of the listed products were produced directly 

from tricarboxylic acid (TCA-) cycle intermediates (ethylene and itaconic acid shown in gray). The 

TCA cycle is seldomly used for metabolic engineering because it is less active in cyanobacteria as 

in heterotrophic organisms. Moreover, it was only recently described (Steinhauser et al., 2012). 

The storage compounds are competing for carbon and therefore represent a frequent target for 

gene deletions.  

Reviewing the product titers, yields, and production rates in Table 1-1 allow conclusions con-

cerning pathway engineering principles in cyanobacteria (Figure 1-4). Several factors will influ-

ence the production rate of a synthetic pathway, including efficient carbon fixation, an abundant 

metabolite pool, usage of abundant cofactors (e.g., NADPH), and low carbon loss within the 

pathway. Also, a pathway stoichiometry allowing a linear electron transport and irreversible re-

action steps or steps with a high driving force can be beneficial (Angermayr et al., 2015; Oliver 

and Atsumi, 2014) (Figure 1-4). Pathways, where the cofactor dependency could be changed 

from NADH dependent to NADPH dependent reductases, showed improved performance (Gao 

et al., 2012; Li and Liao, 2013; Oliver et al., 2013). In cases where this was not possible, the in-

troduction of a transhydrogenase enabled higher production rates (Angermayr et al., 2012; 

Niederholtmeyer et al., 2010; Varman et al., 2013b). Since the carbon spreads over the metabo-
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lism, production pathways originated directly at the Calvin cycle, before further branching points 

in the carbon flux are reached, are expected to reach higher production rates and titer. 

Several strategies were applied to increase carbon flux towards heterologous products. The most 

prominent strain engineering approaches are the knockout of the glycogen synthesis by 

replacement of the glgC gene and of the polyhydroxybutyrate (PHB) synthesis by replacement of 

either one of the phaA, phaB, phaCE genes (Anfelt et al., 2015; Namakoshi et al., 2016; Wang et 

al., 2013; Van der Woude et al., 2014 and many more). Additionally, if the product is derived 

from acetyl-CoA the pta gene was targeted, which is partly responsible for the conversion of ace-

tyl-CoA to acetate (Carpine et al., 2017; Zhou et al., 2012; Zhou et al., 2014). Knockout of the 

glycogen synthesis increased the production of organic acids and compounds derived from py-

ruvate. The deletion of the PHB pathway had only a minor effect on the production of heterolo-

gous compounds. Additionally, dark anoxic conditions were applied to increase the yield of 

common fermentation products. With this strategy, several organic acids including succinate and 

acetate could be produced. This fermentation strategy is directly coupled to glycogen. Without 

photosynthetic activity, carbon and energy are delivered by storage compounds (Hasunuma et 

al., 2016). 

To conclude, although production rates and titers are still limiting the industrial application, a 

broad data basis was obtained during the last decade. 

1,2-propanediol. One pathway fulfilling the derived design principles is the synthetic pathway 

towards 1,2-propanediol. 1,2-propanediol, more commonly known as propylene glycol, is a 

commodity chemical. Industrial grade 1,2-propanediol is used in unsaturated polyester resins, 

Figure 1-4: Pathway design principles 

Illustration covering the 10 basic design 

principles that can be derived from the 

processes developed with cyanobacte-

ria so far (listed in Table 1-1). 

(based on Oliver and Atsumi, 2014) 
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coolants, and anti-freeze agents, whereas high-grade 1,2-propanediol is used as a humectant, 

solvent, and preservative in the food, pharma, and cosmetics industry. 

1,2-propanediol is currently produced from petroleum-based feedstock. 2.18 million tons are 

produced per year. The expected market growth rate until 2020 is about 4.5% each year. The 

market value is in between 790-830 € t-1 on the European market (Bridgwater et al., 2010). In 

context with the development of more sustainable and greener processes to reduce the de-

pendency on fossil fuels, this chemical is highly attractive. The negative environmental impact of 

the conventional 1,2-propanediol production in combination with the finite nature and instabil-

ity of fossil carbon supply is anticipated to drive the demand for bio-based 1,2-propanediol pro-

duction on a global scale (Saxena et al., 2010). New 1,2-propanediol production plants based on 

glycerol as renewable feedstock were constructed within the last years. Cargill in cooperation 

with Ashland Inc. operated a 1,2-propanediol process based on glycerol obtained from the bio-

diesel industry with a capacity of 65 kt per year. Additionally, Cargill presented processes for the 

production of 1,2-propanediol from carbohydrates with heterotrophic microorganisms. Despite 

the discussed advantages of a microbiological production of commodity chemicals, the economic 

feasibility of such processes remains highly questionable. Disadvantages of such processes are 

mainly the high costs of the raw materials, low reaction rates and low product concentrations 

(Saxena et al., 2010). 

Microbiological production involving heterotrophic strains depending on glucose or glycerol as a 

renewable resource competes with the food industry and arable land. In contrast, the produc-

tion of bulk chemicals directly from carbon dioxide with photoautotrophic microorganisms pow-

ered by sunlight would be independent of valuable resources and would reduce greenhouse gas 

emissions. A pathway allowing photoautotrophic production of 1,2-propanediol from DHAP was 

already successfully introduced into Synechococcus by Li and Liao (Li and Liao, 2013).  

Advantages of the production of 1,2-propanediol in cyanobacteria are the usage of DHAP as pre-

cursor and NADPH as the only necessary cofactor. DHAP is withdrawn directly from the Calvin 

cycle, only three steps apart from the CO2 fixation. NADPH is the most abundant redox-cofactor 

in cyanobacteria and therefore highly available. Additionally, the conversion of DHAP to methyl-

glyoxal is irreversible. The results of Li and Liao indicated that 1,2-propanediol could be produced 

during the stationary phase.  
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1.3.2. Reaction engineering for PMCFs 

The reaction engineering for photoautotrophic whole-cell biocatalysts is still at an early stage of 

development. The different processes apply a wide range of different cultivation and reaction 

conditions (see Table 1-1). Diverse sources for photosynthetically active radiation (PAR), a 

considerable range of applied light regimes ranging from 30 – 250 µmol m-2 s-1, and different 

ways to supply dissolved inorganic carbon (DIC) during cultivation make it difficult to compare 

these studies on a process level. Furthermore, in some cases additional heterotrophic carbon 

sources were utilized (Choi and Park, 2015; McEwen et al., 2016; Varman et al., 2013a) or cells 

were cultivated under dark anoxic conditions during the production phase (Hasunuma et al., 

2016; Hirokawa et al., 2015; Kusakabe et al., 2013; Lan and Liao, 2011; Wang et al., 2015; Zhou 

et al., 2014). 

In general, photofermentations are different in comparison to heterotrophic fermentations 

regarding reaction engineering. Photoautotrophic microorganisms realize two fundamental pro-

cesses: the conversion of light into biological energy and the application of this energy to acti-

vate carbon dioxide. Therefore, the most important parameters which have to be considered are 

the primary energy source light and the primary carbon source that is dissolved inorganic car-

bon.  

Photosynthetically active radiation. The energy utilized by phototrophic growing organisms has 

to be provided by either natural sunlight or artificial light sources, like light-emitting diodes 

(LEDs) or fluorescent light bulbs. The irradiation spectrum provided by applied light sources is 

highly diverse. Not all wavelengths can be utilized for photosynthesis. Therefore, light composi-

tion plays an important role. Irradiation that can be absorbed by photopigments and is utilized 

by different phototrophic growing organisms is referred to as photosynthetically active radiation. 

That includes mainly the visible spectrum of light with wavelengths in between 400 to 700 nm. 

Wavelengths below 400 nm (ultraviolet light) are mostly harmful to living organisms due to their 

high energy content, whereas irradiation with longer wavelengths (infrared light) does not pro-

vide enough energy to enable photosynthesis. However, there are exceptions were near-infrared 

light is utilized to support life. Depending on their arsenal of photopigments microorganisms can 

utilize different parts of the PAR spectrum.  

The host strains Synechocystis and Synechococcus have a phycobilisome consisting of an allophy-

cocyanin core and phycocyanin rods. Together with chlorophyll A, this enables the cells to utilize 
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mainly blue and red light (Kopecna et al., 2012). However, not only the quality of the light but 

also the quantity plays an essential role in phototrophic growth. Figure 1-5 (A) shows a schemat-

ical representation of the relationship between incident light intensity and growth rate.  

 

Figure 1-5: (A) Relationship between incident light intensity and 

growth 

Schematic diagram illustrating the resulting growth rates of a pho-

toautotrophic strain under different light intensities (PAR). The 

responding growth can be divided into 4 different regimes: (I) In-

sufficient light for growth (II) Light limited growth (III) Growth that 

is unlimited by light (IV) Photoinhibition. 

(modified from Zevenboom et al., 1980) 

 

    

(B) Carbonate equilibrium 

Illustration of the carbonate equilibrium in water and different 

feeding strategies. DIC can either be supplied via the diffusion of 

CO2 from the headspace of the culture, or it can be provided in the 

form of a bicarbonate solution (e.g., sodium bicarbonate). 

Without sufficient incident light, growth is not possible (Figure 1-5 A, Regime I), even needs for 

maintenance cannot be covered, and cells will start to die when they incubate under extended 

periods of darkness. Upon a certain threshold, with increasing light intensity, the growth rate 

increases (Figure 1-5 A, Regime II) until additional light cannot be utilized anymore and the max-

imal growth rate is reached (Figure 1-5 A, Regime III). Below the curve representing the maximal 

possible growth rate, growth is limited by nutrient accessibility (Tilzer, 1987; Zevenboom et al., 

1980). When the light intensity exceeds a certain limit, photoinhibition occurs and limits the 

growth rate (Figure 1-5 A, Regime IV). 

Another challenge connected to the substrate light is the inhomogeneity within the culture. Self-

shading of the cells leads to declining PAR with increasing distance from the light source and cul-

ture depth. With increasing cell concentrations, this effect becomes more pronounced. Light 

distribution within the culture is one of the major obstacles which have to be solved for a suc-

cessful application of PMCFs in industrial biotechnology. Under realistic cultivation conditions 

with the application of sunlight as the energy source, the cells face a diel light regime with a wide 

range of light intensities. The internal regulation of growth, carbon flow, and energy flow during 

changing light intensities is not yet understood. Therefore, also the influence on production pro-

cesses cannot be predicted. 
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Dissolved inorganic carbon. The other essential resource needed for photoautotrophic growth is 

the carbon source CO2. Carbon is taken up either as CO2 or as bicarbonate (HCO3
-) by the cells. 

The CO2 is then activated and incorporated by the enzyme ribulose-1,5-bisphosphate carbox-

ylase/oxygenase (RuBisCO). Consequently, dissolved inorganic carbon has to be provided in suf-

ficient amounts to sustain growth and production. Two ways to provide DIC are commonly 

applied in this context: either CO2 is supplied via the gas phase during cultivation, or sodium bi-

carbonate (Na2HCO3) is repeatedly fed to the medium. Independently of the used supply strate-

gy, carbon dioxide is part of the carbonate equilibrium. Dissolved CO2 is in equilibrium with 

carbonic acid, which dissolves into bicarbonate and further into carbonate depending on the pH 

value of the solution (Figure 1-5, B). If CO2 is delivered via the gas phase, the Henry coefficient 

for CO2 determines the equilibrium concentration of CO2 in the aqueous phase. All components 

of the carbonate equilibrium inside the aqueous phase build the pool of dissolved inorganic car-

bon. 

To conclude, a wide range of light and DIC supply strategies exist. However, up to now the influ-

ence on growth and especially on the production of value-added products is not well understood 

and limits the photobiocatalyst performance and its industrial applicability.  

1.3.3. Process engineering 

The same parameters that are most important for the reaction engineering (PAR, DIC) do also 

significantly influence the reactor development. Consequently, well established reactor concepts 

for heterotrophic microorganisms do not meet the demands of phototrophic cultivation, espe-

cially concerning the distribution of light. Therefore, new photobioreactor concepts have been 

developed. A large number of these cultivation systems are currently applied in lab-scale, 

whereof only a few can be up-scaled to an industrial scale. 

Figure 1-6 and Table 1-2 give an overview showing current industrially applied reactor concepts 

for algae cultivation. Large-scale photobioreactors can be divided into open and closed systems 

(Carvalho et al., 2006). Open bioreactor systems consist mainly of different types of circular 

ponds (CP) and raceway ponds (RP). Circular ponds are simple open vessels mixed by a rotating 

arm, whereas raceway ponds are closed-looped flow channels, with a paddle wheel providing 

the flow. Open ponds are applied in wastewater treatment since the 1950s and are still the most 
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often applied concept in the industry. They are easy to operate and very cost efficient. For algal 

cultivation and  

maximized growth, the raceway pond can be equipped with CO2 spargers to overcome mass 

transport limitations and to enable pH control. The significant drawbacks include chemical and 

biological contaminations, grazers, the influence of weather, and the incompatibility with regula-

tions concerning the release of genetically modified organisms (GMOs). Also, due to technical 

limitations, these systems have to have at least 0.2 m culture depth, which limits light harvesting 

efficiency. With these systems, biomass for future processing in a biorefinery may be grown. 

However, they are not suited for the application of PMCFs and the production of biofuels and 

chemical feedstock under controlled conditions. 

Closed systems can be divided into tubular (TR), flat panel (FPR), and stirred tank-type reactor 

concepts (STR). With these systems, it becomes possible to grow monocultures. In general, due 

to the improved light availability, 2-3x the production yield of open ponds concerning biomass 

can be achieved. Out of these, tubular reactor concepts represent the most diverse group of 

photobioreactors. They include vertical (VTR), horizontal (HTR), and helical tubular photobio-

reactors (HeTR). VTRs are vertical columns constructed either as simple bubble columns or an 

airlift reactor. This type of reactor can be easily scaled up by numbering up. Light harvesting and 

 

Figure 1-6: Commercially available photobioreactors 

Schematic representation of commercially available photobioreactors divided into open and closed systems. Whereas open sys-

tems are mainly represented by different types of ponds (I), closed systems can be further distinguished into tubular reactor 

types (II), flat panel reactor types (III), and stirred tank reactor types (IV). 
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gas exchange are combined in one unit. In contrast, HTRs consist out of two units, a horizontal 

light-harvesting unit with parallel or looped tubing and a degasser unit to provide carbon dioxide 

and remove accumulated oxygen. Mostly, the degasser unit is constructed in an airlift principle 

to generate the necessary flow. The horizontal construction ensures the highest available light 

intensity for the light-harvesting part. Further development of this concept is represented by the 

HeTR, where the light harvesting unit is constructed in a 3-dimensional helical pattern. In 

comparison to the HTR, it enables a higher reactor-volume-to-footprint ratio and increases the 

overall light utilization. A particular type of tubular concept is the α-shaped tubular photobiore-

actor (αTR), which combines the benefits of both vertical and horizontal TRs. The light harvesting 

part can be oriented for optimal light harvest and operates simultaneously as the downcomer of 

the airlift that provides gas exchange. 

Table 1-2: Advantages and disadvantages of currently available photobioreactor concepts 

Photobioreactor Advantages Disadvantages 

circular and raceway 

ponds 
• cost efficient 

• easy to operate 

• inefficient light harvesting 

• limited mixing and gas exchange 

• contaminations 

• influence of temperature and 

precipitation 

tubular reactors • efficient light harvesting 

• efficient mixing 

• controlled conditions 

• cultivation of GMOs possible 

• dimensions limited by gas 

exchange 

• accumulation of oxygen and 

depletion of CO2 

flatpanel reactors • highest light harvesting 

efficiency 

• direct gas exchange 

• controlled conditions 

• cultivation of GMOs possible 

• limited mixing 

• high investment costs 

stirred tank reactors • well-known and characterized 

• widely applied in industry 

• controlled conditions 

• cultivation of GMOs possible 

• low light harvesting efficiency 

• very inhomogeneous light 

distribution 

• shear stress 

A different concept for photobioreactors does not rely on the use of tubing-like structures. 

Instead, rectangular vessels generating large surface-to-volume ratios are utilized. This flatpanel 

photobioreactors (FPR) provide a high illuminated surface area, while simultaneously minimizing 

culture depth. The airlift principle provides carbon dioxide supply and mixing. Additionally, static 
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mixers can be applied. The highest cell densities for cyanobacterial cultivation were reported for 

these reactor systems (Gitelson et al., 1996; Hu et al., 1998). 

Additionally, STR-like concepts were applied in some cases. Due to the low surface-to-volume 

ratio in this reactor system, light has to be supplied at different levels within the reactor vessel. 

Moreover, mixing is provided by mechanical stirring, which causes shear stress to the cells. All of 

these aspects make this concept the least suitable for a photobioreactor approach. 

The different bioreactor types were closely evaluated concerning their technical limitations 

(Carvalho et al., 2006) and for biomass growth as feedstock for biorefineries (Narala et al., 2016), 

but not yet concerning the applicability for the direct production of biofuels and chemical 

feedstock.  

Another important aspect of the development towards industrial production is the availability of 

the different reactor concepts not only in lab-scale but also in pilot-scale and process-scale. Pilot-

scale photobioreactors of all four types, namely horizontal and stacked tubular photobioreac-

tors, algal ponds, and flat panel reactors were installed and are operated at the AlgaePARC facili-

ty (AlgaePARC pilot facility, Wageningen, Netherlands). Leading suppliers of state of the art 

photobioreactor equipment include for example Algenol (Algenol Biotech, Fort Myers, Florida, 

US) or Subitec (Subitec GmbH, Stuttgart, Germany) for fully enclosed, flat panel type 

photobioreactors and Varicon Aqua Solutions (Varicon Aqua Solutions Ltd, Worcester, UK) for 

airlift, helical tubular, bubble column, and fence type photobioreactors. The scientific community 

is well aware of the necessity of further photobioreactor development. Consequently, much re-

search is performed concerning the development of new photobioreactor systems (Carvalho et 

al., 2006; Kumar et al., 2011).  

In conclusion, current photobioreactors were designed to optimize biomass formation from CO2 

and sunlight. However, the optimal conditions for growth are not necessarily the optimal condi-

tions for productivity as well. Therefore, new reactor concepts have to be developed to optimize 

the formation of value-added products instead of focusing on biomass formation. 

1.3.4. Biofilms for white biotechnology 

A promising approach for the development of continuous processes with photoautotrophs is the 

retention of biomass by self-immobilization of the biocatalyst within a biofilm. Biofilms are cellu-

lar communities attached to surfaces and embedded in self-produced extracellular polymeric 
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substances (EPS). In the broadest sense, all kinds of microbial structures like cell aggregates 

(flocs), sedimented layers or tightly attached films can be defined as biofilms (Flemming and 

Wingender, 2010; Wingender et al., 1999). Biofilms are omnipresent in nature, where they are 

often found as multispecies microbial mats. In such structures, a complex system of interrelated 

dependencies of various organisms comprising phototrophic and heterotrophic strains exist. Bio-

films are also very important in artificial medical or technical settings, although there they are 

mostly unwanted, as biofilms are very persistent and lead to biofouling or severe infections. 

However, these characteristics could be beneficial regarding process stability and a continuous 

process mode for biocatalysis and the production of value-added compounds with biologically 

challenging reactants as shown recently (Gross et al., 2013). 

 

Figure 1-7: Biofilm development stages 

Schematic drawing showing the development of a biofilm over time. The development of biofilms can be differentiated into five 

distinct growth phases. Phase 1: conditioning of substratum, phase 2: initial cell attachment, phase 3: growth of microcolonies, 

phase 4: 3-dimensional biofilm growth, phase 5: fully developed mature biofilm.  

Figure 1-7 shows the different stages of biofilm development. Conditioning of the substratum is 

followed by initial cell attachment of planktonically free-floating cells. Afterwards, cell attach-

ment becomes irreversible, and microcolonies embedded in EPS develop out of these cells. 

Those microcolonies grow into a multilayered biofilm. Finally, the biofilm reaches its maximal 

expansion. In this final stage, the amount of dispersed and re-growing cells within the mature 

biofilm are in balance, and a stable biofilm thickness is achieved (Halan et al., 2012; Monroe, 

2007).  

For the industrial application, the maximum persistence of the mature biofilm is essential for 

continuous production. Higher overall robustness, self-regeneration and immobilization with 

high biomass retention are the main characteristics for catalytically active biofilms (Halan et al., 

2012; Rosche et al., 2009). While applications of heterotrophic biofilms are well described, ex-
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amples using photoautotrophic organisms as biofilm catalysts are missing up to date, although 

numerous studies reported prove of concept for the synthesis of value-added compounds by 

suspended phototrophic organisms like cyanobacteria and microalgae. 

Table 1-3: Advantages and disadvantages of photoautotrophic biofilms 

Advantages Disadvantages 

• high biomass accumulation • mass transport hindrance 

• reduced growth-rates • clogging 

• self-immobilization • up-scale limitations  

• continuous operation • limited experience 

• robustness • increased self-shading 

• self-regeneration  

 

In ecology, natural phototrophic-heterotrophic multispecies biofilm communities play a signi-

ficant role for ecosystem assessment and are frequently studied (Al-Najjar et al., 2012; Fenchel 

and Kühl, 2000; Kühl and Fenchel, 2000; Wolf et al., 2007; Zippel et al., 2007; Zippel and Neu, 

2005), whereas studies of phototrophic biofilms for synthetic and technical applications are 

limited (Fresewinkel et al., 2014). Examples of phototrophic biofilms include microbial fuel cells 

(McCormick et al., 2011) and applications in wastewater treatment (Roeselers et al., 2008). 

While in wastewater treatment vast amounts of biomass are generated, microbial fuels cells rep-

resent a static non-flow system without hydrodynamic forces. Such systems are not suited for 

applications in whole cell biocatalysis due to mass transfer limitations and uncontrolled biomass 

growth (van Loosdrecht and Heijnen, 1993).  

Key challenges when applying catalytic biofilms in continuous processes include the mass trans-

fer of substrates through the three-dimensional structur of cells and EPS, the sufficient penetra-

tion of light, and excessive biomass formation resulting in clogging. One approach to circumvent 

these bottlenecks is the formation of a flat, compact film. This can be achieved by cultivating the 

particular microbes in capillary tubings under continuous flow applying hydrodynamic stress. 

Hydrodynamic stress can, for example, be applied by interfacial forces generated by two-phase 

segmented flow, consisting of an aqueous and a gaseous phase (Karande et al., 2014)(for more 

details, please refer to chapter 3.6).  

The first biofilm reactor concepts were developed and applied for wastewater treatment 

(Qureshi et al., 2005). These reactor concepts could partly be transferred for the production of 

value-added chemicals in industrial biotechnology (Ercan et al., 2015). 
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Biofilm reactors can be divided into reactors with a moving biofilm (expanded bed) and with a 

stationary biofilm (fixed bed). Reactor systems with moving biofilms include stirred tank biofilm 

reactors (STBR), fluidized bed biofilm reactors (FBBR), and rotating disc biofilm reactors (RDBR). 

Reactors with stationary biofilm layers include packed bed biofilm reactors (PBBR), trickling bed 

biofilm reactors (TBBR), and membrane biofilm reactors (MBR). None of these concepts can be 

easily adapted for phototrophic biofilms. Whereas the mass transfer of gaseous compounds was 

a design parameter during the development of these systems, the availability of sufficient PAR 

was not. So far, only a few initial concepts for biofilm reactors for phototrophic cultivation have 

been developed. The principle of the rotating disc biofilm reactor was transferred to a rotating 

bed biofilm reactor (Christenson and Sims, 2012). However, as with the photobioreactors for 

planktonic growth, this reactor is suitable for high biomass production and not optimized for the 

production of biofuels or chemical feedstock. Another new reactor concept, the emersed biofilm 

reactor, applies light-emitting glass rods as a substratum for biofilm growth (Kuhne et al., 2013). 

In this concept, nutrients and water are supplied with an aerosol stream passing the glass rods. 

This bioreactor concept does reduce medium consumption. However, it is not easily up-scaled 

into an industrial relevant size. 

To conclude, the development of suitable cultivation concepts and the identification and charac-

terization of monospecies biofilms will be essential for applications of phototrophic biofilms as 

catalysts in synthetic chemical industries.  

1.4 Summary 

In conclusions, this review shows that the production of a wide range of diverse products from 

alcohols to organic acids, as well as alkanes, and some fine chemicals can be accomplished in 

cyanobacteria, but also revealed the gap between these proof of principle studies and an 

industrial application. Still, certain limitations prevent the successful industrial scale application 

of this technology. Challenges include low activities, stabilities, and concentrations as well as 

carbon partitioning in favor of biomass and in the end therefore low economic feasibility. Except 

of ethanol production, which was commercialized by Algenol (Algenol Biotech, Fort Myers, Flori-

da, US), none of these studies are close to or within the window of operation for an economically 

feasible industrial process. Even the economically viable industrial implementation of algae or 

cyanobacterial bioethanol production could not yet be realized following the decrease in oil pric-



Introduction 

23 

es (e.g. algenol, photanol; Laurens, 2017). Consequently, there are no standard process devel-

opment strategies available and only a limited number of reactor concepts exist.  

The application of biofilms is a promising alternative to achieve economically feasible processes 

for the sustainable production of biofuels and chemical feedstock. The foundation to achieve this 

goal is an improved understanding of photoautotrophic metabolism. Therefore, the investigation 

of growth phases, nutrient and energy limitations, and the interconnections with the heterolo-

gous production of chemicals and fuels have to become one focus of attention, the uncoupling 

of growth and heterologous production another.  

1.5 Scope of this thesis 

As discussed above, process development with photosynthetic microbial cell factories is highly 

complex and not well understood. This study aimed to gain deep process understanding of bulk 

chemical production with cyanobacteria. 

Therefore, a biocatalyst producing a model bulk chemical was designed to investigate cultivation 

and production conditions. Based on this, up-scaling into bioreactor scale and finally evaluation 

of continuous cultivation in biofilms was performed. 

Based on known pathway design principles, 1,2-propanediol was chosen as the model product 

used in this study. Following the cycle of bioprocess engineering described before (Figure 1-2), 

this thesis focused on the process development from strain engineering to reactor engineering. 

After the selection of a suitable strain, the metabolic pathway was designed and integrated. The 

resulting biocatalyst was characterized regarding growth, recombinant gene expression, and 

protein synthesis. Reaction and cultivation conditions were investigated and optimized, enabling 

rational reactor development. Finally, the results of this research were evaluated regarding suit-

ability and applicability for the industrial and sustainable production of bulk chemicals based on 

carbon dioxide. 
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2.1 Chemicals and reagents 

Unless stated otherwise all chemicals used were obtained from AppliChem (Darmstadt, Germa-

ny), Sigma Aldrich (Steinheim, Germany), or Carl Roth (Karlsruhe, Germany) and were of the 

highest purity available. Custom synthesized oligonucleotides were purchased by Eurofins Ge-

nomics GmbH (Ebersberg, Germany). Restriction enzymes, ligases, exonucleases, dNTPs and 

phusion polymerase were provided by New England Biolabs (Ipswich, Massachusetts, USA) and 

Fermentas/Thermo Fisher Scientific (Waltham, MA, USA). 

2.2 Cultivation of strains 

All plasmids and bacterial strains used in this study are listed in Table 2-1 and Table 2-2. Esche-

richia coli DH5α was used for cloning purposes and plasmid storage. E. coli cultures were started 

from cryo stocks, which were transferred on LB agar (Bertani, 1951). A single colony from such a 

plate was used to inoculate 5 mL of LB liquid culture containing the respective antibiotics, where 

applicable. Cells were incubated at 37°C. E. coli strains were stored at -80°C in 15% glycerol.  

Table 2-1: Plasmids used in this study 

Plasmids Description ABs Reference 
 

 

pBluescript II SK(+) Backbone for integration vector Amp
 (Agilent technologies) 

pSEVA234 Source for lac
IQ

, P
trc, neo Km

 (Standard European Vector Architecture 

platform) 

pEX-K4-adh source for secondary alcohol dehydrogenase from 

C. beijerinkii 

Km
 (this study, Eurofins genomics) 

pBS_slr0168::trc pBluescript II SK(+) containing homologous regions 

for integration into slr0168 as well as lac
IQ

, P
trc, neo 

Km, Amp
 (this study) 

pBS_slr0168:: 

trc:PG 

pBluescript II SK(+) containing homologous regions 

for integration into slr0168 as well as lac
IQ

, P
trc

, neo, 

mgsA, yqhD, adh 

Km, Amp
 (this study) 

pSEVA251 Backbone for replicative vector; broad host range 

vector with RSF1010 origin of replication 

Km
 (Standard European Vector Architecture 

platform) 

pRSF_trc:PG pSEVA251 containing lac
IQ

, P
trc

, neo, mgsA, yqhD, 

adh 

Km
 (this study) 

pBR322 Backbone for integration; E.coli cloning vector with 

pMB1 origin of replication 

Amp, Tc (New England Biolabs, Ipswich, Massachu-

setts, USA) 

pBR322_NS3::trc:PG pBR322 containing homologous regions for integra-

tion into NS3 as well as lac
IQ

, P
trc

, neo, mgsA, yqhD, 

adh 

Amp, Tc, Km (this study) 

pBR322_glgC::aadA pBR322 containing homologous regions for re-

placement of glgC with a Sm resistance gene aadA 

Amp, Tc, Sm (this study) 
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The cyanobacterial strain Synechocystis sp. PCC 6803 (Stanier et al., 1971) was obtained from the 

Pasteur Culture Collection of Cyanobacteria (PCC, Paris, France). The SynechocystisST wild-type, 

ΔphaA, and ΔglgC strains were generously supplied by the Hellingwerf lab (Van der Woude et al., 

2014). Either BG11 medium (Stanier et al., 1971) or YBG11 medium (Shcolnick et al., 2007) was 

used for cultivation of Synechocystis. Agar plates containing the respective antibiotics were 

inoculated from a cryo stock and cultivated for 10 days under 25 µmol m-2 s-1 photosynthetically 

active radiation, ambient CO2, 30°C, and 75% humidity in a polyklima incubator (Polyklima, 

Freising, Germany). 

Table 2-2: Strains used in this study  

Strains Description ABs Reference 
 

 

Synechocystis sp. PCC 

6803 

Wild-type strain -
 (Pasteur Culture Collection of Cyanobacteria) 

SynechocystisST 6803 Stanford wild-type strain  - (Van der Woude et al., 2014) 

Synechococcus elon-

gatus PCC 7942 

Wild-type strain - (Pasteur Culture Collection of Cyanobacteria) 

Synechococcus elon-

gatus UTEX 2973 

Wild-type strain - (UTEX algae culture collection) 

Synechocystis sp. PCC 

6803 PG 

lacIQ, Ptrc, mgsA, yqhD, adh integrated into 

slr0168 

Km (this study) 

Synechocystis sp. PCC 

6803 ΔglgC 

Gene knockout of slr1176/glgC by replacement 

through Sm resistance gene 

(full segregation could not be achieved) 

Sm
 (this study) 

Synechocystis sp. PCC 

6803 ΔglgC PG 

lacIQ, Ptrc, mgsA, yqhD, adh integrated into 

slr0168; 

gene knockout of slr1176/glgC by replacement 

through Sm resistance gene 

(full segregation could not be achieved) 

Km, Sm
 (this study) 

SynechocystisST 6803 

ΔglgC 

Stanford strain with gene knockout of 

slr1176/glgC by disruption through Cm resistance 

gene 

Cm (Van der Woude et al., 2014) 

SynechocystisST 6803 

ΔglgC PG 

Stanford strain with lacIQ, Ptrc, mgsA, yqhD, adh 

integrated into slr0168; 

gene knockout of slr1176/glgC by disruption 

through Cm resistance gene 

Km, Cm
 (this study) 

SynechocystisST 6803 

ΔphaA 

Stanford strain with gene knockout of 

slr1993/phaA by disruption through Cm resistance 

gene 

Cm (Van der Woude et al., 2014) 

SynechocystisST 6803 

ΔphaA PG 

Stanford strain with lacIQ, Ptrc, mgsA, yqhD, adh 

integrated into slr0168; 

gene knockout of slr1993/phaA by disruption 

through Cm resistance gene 

Km, Cm (this study) 

Synechococcus elon-

gatus PCC 7942 PG 

lacIQ, Ptrc, mgsA, yqhD, adh integrated into NS3 Km
 (this study) 

Synechococcus elon-

gatus UTEX 2973 PG 

lacIQ, Ptrc, mgsA, yqhD, adh integrated into NS3 Km
 (this study) 

Escherichia coli DH5α Cloning strain -
 (Hanahan 1983) 
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Single colonies were transferred to fresh agar plates and spread to obtain enough biomass to 

inoculate 50 mL of YBG11 containing 50 mM HEPES buffer. Liquid Synechocystis cultures were 

grown in 250 ml baffled shaking flasks under increasing light intensity, 2% CO2, 30°C, 150 rpm, 

and 75% humidity in an INFORS Multitron photosynthesis plus incubator (INFORS, Bottmingen, 

Switzerland), equipped with light-emitting diodes (spectrum see chapter 3.1, Figure 3-3). Cul-

tures were inoculated to an OD750nm of 0.2 for the main experiments. For long-term storage, the 

strains were frozen in YBG11 medium containing 8% dimethyl sulfoxide (DMSO) at -80°C. 

2.3 Cultivation during 13CO2-labeling experiments 

For the aeration with 13CO2 enriched air, cells were cultivated in 250 mL shaking flasks equipped 

with GL45 screw caps having three GL14 ports each. Two ports of each shaking flask were used 

for the aeration of the headspace and therefore connected by Tygon tubing (Tygon-R3607, ID 

2.06 mm, Ismatec). One port was equipped with a septum and a 60 mm long hypodermic needle 

to enable gas tight sampling of the culture (Figure 2-1). The aeration was provided by three indi-

vidual mass flow controllers, one for synthetic air (without CO2), one for nCO2, and one for 13CO2. 

The gas stream was passed through a 0.2 µm sterile filter before entering the headspace of the 

cultures and before leaving the last cultivation vessel. The aeration was set to 25 mL min-1. The 

gas mixture contained either 2% labeled or unlabeled CO2. Due to the pressure loss, a maximum 

 

Figure 2-1: Cultivation setup during 13CO2-labeling experiments 

Experiments were carried out in serially connected 250 mL baffled shaking flasks with a culture volume of 50 mL under increasing 

light intensity (25 – 200 µmol m-2 s-1), at 30°C, and 150 rpm. In this setup, the gas exchange did not take place via the incubator, 

but 25 mL min-1 synthetic air enriched with 2% either labeled or unlabeled CO2 was supplied by three thermal mass flow control-

lers (MFCs). The shaking flasks were connected with Tygon tubing. Sampling took place with a septum and a hypodermic needle. 

After passing a sterile filter the air was directed through the headspace of 5 serially connected shaking flasks. The first shaking 

flask humidified the air stream. The remaining flasks were used for the cultivation of 4 biological replicates. 
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number of 5 flasks could be serially connected. The first shaking flask was filled with medium and 

used to humidify the air stream. This prevented evaporation from the 4 following cultivation 

flasks. With the exception of the aeration, cultivation took place as described before. 

2.4 Bioreactor cultivation 

The bioreactor experiments took place in 2 L flat-panel airlift photobioreactors (FPBR, INFORS 

Labfors 5 LUX, 20 mm deep culture vessel) and in 3 L stirred tank photobioreactors (STPBR, 

INFORS Labfors 5 LUX). Both reactor systems were equipped with LED arrays (spectrum see Fig-

ure 3-3) to provide PAR. Additionally, Hamilton pO2 and pH probes and BlueSens BlueInOne off-

gas analytics enabled the online measurement of the pH, dissolved oxygen, and CO2 and O2 con-

centrations in the off-gas. Aeration with either pressurized air (PA) or synthetic air (SA) enriched 

with 2% CO2 was provided by respective thermal mass flow controllers (MFC, red-y, Vögtlin in-

struments) (Figure 3-19). 

After assembly, autoclaving, and equilibration of the bioreactors, 2L YBG11 medium was 

inoculated to an OD750 of 0.2. Cultures were grown under increasing light intensity (25 - 

250 µmol m-2 s-1), at 30°C, 2% CO2, and with 1 L min-1 (0.5 vvm) aeration. 

For continuous cultivation, the system was equipped with two additional peristaltic pumps (IPC 4 

peristaltic pump, Ismatec). The first pump provided fresh medium to the reactor, while simulta-

neously the second one kept the liquid level constant. 

2.5 Biofilm cultivation 

Cultivation of biofilms for the confocal laser scanning microscopy (CLSM) investigation took place 

in custom-made setups consisting of a medium reservoir (Figure 2-2, A), a multichannel peristal-

tic pump (Figure 2-2, B, IPC 4 peristaltic pump, Ismatec), a bubble trap (Figure 2-2, C), different 

biofilm reactors (Figure 2-2, E), and reservoirs collecting the waste (Figure 2-2, F). The custom-

made flow-through reactors and the bubble trap were designed with Autodesk Inventor (Auto-

desk Inc., San Rafael, CA, US). Polylactic acid (PLA) prototypes were produced by fused deposi-

tion modeling (FDM) on a 3D printer (Leapfrog Creatr, Alphen aan den Rijn, Netherlands). Final 

parts were produced by selective laser sintering (SLS) of polyamide (SLS PA 12) or stainless steel 

(SLM 1.4542) by Blue Productions (Blue Production GmbH & Co. KG, Paderborn, Germany). The 
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components were serially connected by Tygon (Tygon-R3607, ID 2.06 mm, Ismatec, Wertheim-

Mondfeld, Germany), PTFE (ID 1.6, OD 3.2 mm), and silicon tubing (ID 2.0, OD 4.0 mm).  

In case of segmented flow, additional tubing was connected after the bubble trap and in front of 

the reactor via a T-connector (Figure 2-2 E.1, barbed, PP, 2.5 mm, T-shaped, Ismatec, Wertheim-

Mondfeld, Germany) and sterile filter to introduce air segments. The sterile connection of the 

tubings to the medium and waste reservoirs was realized with GL45 screw caps with GL14 ports 

equipped with hose connections for 3 mm tubing and 0.2 µm pressure compensation filters (Fig-

ure 2-2, A.1, Duran Group, DWK Life Sciences, Mainz, Germany). PTFE tubing was used for the 

hose connectors, which was then connected to silicon tubing and finally via barbed connectors 

to the Tygon tubing (Figure 2-2, A.1). The inline bubble trap added after the peristaltic pump en-

sured that no unwanted air bubble could enter the reactor (Figure 2-2, C.1). 

 

 

Figure 2-2: CLSM flow cell assembly 

3-dimensional view of the cultivation system developed for the investigation of biofilms using CLSM. The figure shows the medi-

um reservoir (A), the multichannel peristaltic pump (B, IPC 4 peristaltic pump, Ismatec), the bubble trap (C), the inline injection 

ports (D), the flow cell (E), and the waste reservoirs (F) with the respective tubing. Panels A.1, C.1, and E.1 are enlarged views of 

the screw cap connections, the bubble trap, and the flow cell, respectively. Panel E.2 shows a cross-section of the flow cell as 

indicated in the overview. 
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Finally, the different development stages of the flow-through CLSM reactor (Figure 2-2, E.1) 

were connected inline after the bubble trap. The components were either autoclaved before the 

assembly, or the system was chemically sterilized by a 0.5% sodium hypochlorite solution. Chem-

ical sterilization was only applied in case that non-autoclavable reactor designs were tested. 

Afterward, the system was flushed with YBG11 and adjusted to 30°C and 55 µE m-2 s-1. If not 

stated otherwise, the biofilm flow cells were inoculated with 800 µl of preculture with an OD750 

of 1.0. Cell attachment occurred in 24 h without flow. Subsequently, the medium flow was 

started with 50 µl min-1. To establish segmented flow, air segments with 50 µl min-1 were 

introduced after initial biofilm growth.  

2.6 Construction of the 1,2-propanediol pathway 

The genes mgsA, yqhD, and adh, enabling the production of 1,2-propanediol from DHAP, were 

integrated into the silent side slr0168 (Williams, 1988) of Synechocystis by double homologous 

recombination. Therefore, the homologous regions for recombination were amplified from ge-

nomic DNA applying primers homI_fwd, homI_rev, homII_fwd, and homII_rev. The primers used 

for PCR amplification are listed in Table 2-3. Genomic DNA was isolated using the peqGOLD Bac-

terial DNA Mini Kit (VWR Peqlab, Darmstadt, Germany) upon cell disruption using a bead mill 

(0.2 µm glass beads, 8,000 rpm, 3 cycles of 30 seconds each). 

The two derived PCR products were subsequently cloned into the vector pBluescriptII SK(+) (Ag-

ilent Technologies, Santa Clara, CA, USA) by Gibson assembly (Gibson et al., 2009) using re-

striction sites for KpnI, XhoI, SacI, and SacII, respectively. Digestion of plasmid DNA was carried 

out at 37°C for 16 h. The trc promotor system was amplified from pSEVA234 (SEVA collection, 

Centro Nacional de Biotecnología, Madrid, Spain) using lacIQtrc_fwd and lacIQtrc_rev and in-

serted between the two homologous regions using restriction sides XhoI and SacII, resulting in 

the vector pBS_slr0168::trc. 

In the following, the genes mgsA and yqhD were amplified using E.coli MG1655 genomic DNA 

and primers mgsA_fwd, mgsA_rev, yqhD_fwd, and yqhD_rev (Table 2-3). The codon-optimized 

adh gene of Clostridium beijerinkii (Yan et al., 2009) was synthesized (Eurofins Genomics GmbH, 

Ebersberg, Germany) and amplified from the obtained vector pEX-K4_adh using CBsadh_fwd and 

CBsadh_rev. 
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Table 2-3: Oligonucleotides used in this study 

Primer Sequence 

5`Extension RBS Binding Region 

homI_fwd CTATAGGGCGAATTGGGTACC CCTTTGACAACAATGTGGCCTG 

homI_rev GCTTATCGATACCGTCGACCTCGAGTCCATATAAATCCCCGCCACTG 

homII_fwd TCTAGAGCGGCCGCCACCGCGGGACCAAGCCCAATTTCGTTTG 

homII_rev CTAAAGGGAACAAAAGCTGGAGCTCCCGCTAAACCCACCTCTTGC 

lacIQtrc_fwd TGGCGGGGATTTATATGGACTCGAGTCTAGGGCGGCGGATTTG 

lacIQtrc_rev ACGAAATTGGGCTTGGTCCCGCGGCAGCGGAAAAGGACAACGC 

mgsA_fwd TATACGAAGCCGCCCGCTAAATAGTGGAGGTGTTACCATGGAACTGACGACTCGCAC 

mgsA_rev CCCAGTCACGACGCGGCCGCTTACTTCAGACGGTCCGCG 

yqhD_fwd GCGGTTGTTATCCTGTAATAGTGGAGGTGTTACCATGAACAACTTTAATCTGCACACCCC 

yqhD_rev TTAGCGGGCGGCTTCGTATATAC 

CBsadh_fwd ACACCCTAGGCCGCGGCCGC TAGTGGAGGTGTTACCATGAAAGGGTTTGCCATGTTAG 

CBsadh_rev TTACAGGATAACAACCGCC 

rnpB_fwd GAGTTAGGGAGGGAGTTGCGG 

rnpB_rev TAATACGACTCACTATAGGGGCACTGTCCTCACGCTCGC 

glgC_cut1_fwd ATCACGAGGCCCTTTCGTCTTCAAGAATTCAATTCCGGTGAACCGTCG 

glgC_cut1_rev TTCGAAGTCAAGTTTAGAACCG 

glgC_cut2_fwd GCGAGATCACCAAGGTAGTCGGCAAATAAGGGCCAGTTTCTTTCCTCG 

glgC_cut2_rev TCGATGATAAGCTGTCAAACATGAGAATTCTTTCTGCCCCTTGTCTGC 

Sm_fwd CCTCGGTTCTAAACTTGACTTCGAACTTGGACTCCTGTTGATAGATCC 

Sm_rev CTTATTTGCCGACTACCTTGGTG 

PG_fwd CTCGACTTGACCAGCTGCTTAGCACTCTAGCCAATCAAAATAACAGTGGC 

PG_rev GGTTCGCATCGTCTCAGCCAGCTCATTCTTACCGCGGTCCAATTAATT 

 

The three derived fragments were combined by overhang extension PCR and cloned into the 

plasmid pBS_slr0168::trc using the Gibson assembly protocol and the restriction enzyme NotI. 

Fragments and PCR products were identified and selected by agarose gel electrophoresis and 

purified using a NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany). Gibson 

assembly was carried out at 50°C for 60 min using a Mastercycler pro PCR System (Eppendorf, 

Hamburg, Germany). Competent E. coli DH5α cells were transformed with the assembled DNA 

fragments by electroporation. Plasmids were isolated from LB overnight cultures using a 

peqGOLD Plasmid Miniprep Kit (VWR Peqlab, Darmstadt, Germany) and sequenced by Eurofins 

(Eurofins Genomics GmbH, Ebersberg, Germany). 
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Figure 2-3: Plasmid maps 

Plasmid maps of the applied plasmid for the integration 

of the 1,2-propanediol operon into the silent side 

slr0168 of the Synechocystis chromosome 

(pBS_slr0168::trc:PG) and of the plasmid created for the 

knockout of the glucose-1-phosphate adenylyltrans-

ferase (ΔglgC) by replacement with aadA (streptomycin 

adenylyltransferase, pBR322_glgC::aadA). The sequenc-

es for homologous recombination are represented in 

red. A black arrow indicates the trc promotor. Genes are 

represented by green arrows, while the ribosomal bind-

ing sides (RBS) and terminators are indicated by a black 

bar. 

The resulting vector pBS_slr0168::trc:PG (Figure 2-3) was used to transform the strains Synecho-

cystis and Synechocystis ΔglgC creating the recombinant strains Synechocystis PG and Synecho-

cystis ΔglgC PG (Figure 3-2). Complete segregation of the mutant allele in the created strains was 

reached by continuous cultivation on solid medium with increasing antibiotic concentrations and 

was verified by PCR with isolated genomic DNA as a template. 

2.7 Construction of the glgC knockout in Synechocystis 

The glgC gene was replaced by aadA, a gene establishing streptomycin resistance. Homologous 

regions for recombination (~850 bp) were amplified from genomic DNA applying primers 

glgC_cut1_fwd, glgC_cut1_rev, glgC_cut2_fwd, and glgC_cut2_rev (Table 2-3). The aadA gene 

was amplified from pSEVA451 using the primers Sm_fwd and Sm_rev. All three PCR products 

were subsequently cloned into pBR322 via three fragment Gibson assembly (Gibson et al., 2009) 

using the restriction site for EcoRI. The resulting vector pBR322_glgC::aadA was used to trans-

form the strains Synechocystis and Synechocystis PG creating the recombinant strains Synecho-

cystis ΔglgC and Synechocystis ΔglgC PG. Complete segregation of the mutant allele in the 

created strains was reached as described before. 

2.8 Growth determination and light quantification 

Planktonic cell growth was quantified by turbidity (OD750, Libra S11, Biochrom Ltd, Cambridge, 

UK) and coulter counter (Multisizer 3, 20 µm aperture, Beckman Coulter, Brea, California, United 

States) measurements according to standard procedures. For the determination of cell dry 

weight (CDW), culture samples were centrifuged and dried at 60°C. Photosynthetically active 
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radiation (PAR) was determined with a MQS-B mini quantum sensor coupled to an ULM-500 light 

meter (Heinz Walz GmbH, Effeltrich, Germany).  

2.9 Determination of glycogen and polyhydroxybutyrate content 

For the determination of the concentration of storage compounds, a sample of 2 mL of the re-

spective culture was centrifuged (17,000 × g, 10 min, 4°C). The pellet was washed once in ultra-

clean water and stored at -80°C. Isolation of glycogen was carried out according to a protocol 

modified from Gründel et al. (Gründel et al., 2012). Briefly, the cell pellet was resuspended in 

500 µL of 30%w/v KOH in a 2 mL Eppendorf cup and afterwards incubated at 95°C, 600 rpm, for 

2 h in a thermoshaker. The glycogen was precipitated by the addition of 1.5 mL ice-cold ethanol 

and subsequent incubation at -20°C for >4 h. Glycogen was received by centrifugation (17,000 × 

g, 10 min, 4°C), washed once with 75% ethanol and once with 98% ethanol. The remaining etha-

nol was evaporated in a thermoshaker at 65°C. The glycogen amount was determined either 

with a fluorimetric glycogen assay (glycogen assay kit, Cayman chemical, item no. 7000480) ac-

cording to the distributors’ protocol or by digestion with amyloglucosidase isolated from Asper-

gillus niger and subsequent HPLC analysis (Aminex HPX-87H column (300 × 7.8 mm, Bio-Rad 

Laboratories GmbH, Hercules, California, USA), 5mM H2SO4, 0.8 mL min-1, 65°C, refraction index 

detector). Commercially available glycogen from bovine liver (Sigma Aldrich, G0885-1G) was 

handled accordingly and used as standard. 

Polyhydroxybutyrate (PHB) was determined as described previously (Taroncher-Oldenburg et al., 

2000). The cell pellet was dried in a thermoshaker (95°C, 6 h), resuspended in 100 µL of concen-

trated sulfuric acid, and boiled at 95°C for 2 h in a thermoshaker. After dilution with 400 µL ultra-

clean water and centrifugation (17,000 × g, 10 min, 4°C), the supernatant was analyzed using 

HPLC (Thermo Fisher Scientific, Waltham, MA, USA), equipped with an Aminex HPX-87H column 

(300 × 7.8 mm, Bio-Rad Laboratories GmbH, Hercules, California, USA) and UV detector. Com-

mercially available PHB (Sigma Aldrich, 363502) was used as a standard compound and handled 

accordingly. 
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2.10 Determination of 1,2-propanediol, acetol, methylglyoxal, nitrate, and 

phosphate 

The supernatant of the Synechocystis cultures was analyzed with a Dionex Ultimate 3000 high-

pressure liquid chromatography system (Thermo Fisher Scientific, Waltham, MA, USA) equipped 

with a refraction index, an UV detector and an Aminex HPX-87H column (300 x 7.8 mm, Bio-Rad 

Laboratories GmbH, Hercules, California, USA). The flow rate was set to 0.8 mL min-1 with 5 mM 

sulfuric acid as the eluent and a column temperature of 65°C. Standard curves for all compounds 

were prepared to quantify the product concentrations in the supernatant of the cultures. 

2.11 GC-MS Analysis 

For the verification of 1,2-propanediol production and the quantification of incorporated 13C at-

oms into 1,2-propanediol, 50 microliters of culture supernatant were dried at 80°C. The remain-

ing compounds were resuspended in 100 µL trifluoroacetic acid (TFA) containing 1% pyridine and 

derivatized with 20 µL of N-methyl-N-tert-butyldimethylsilyl-trifluoroacetamide (MBDSTFA, Ma-

cherey-Nagel, Düren, Germany). For the quantification of 13C incorporation into the intracellular 

glycogen pool, glycogen was isolated and digested as described in the previous section. After the 

digestion, 40 µL were dried at 80°C, and resuspended in 100 µL TFA containing 1% pyridine. 

Derivatization was carried out with 20 µL of N,O-bis-trimethylsilyl-trifluoroacetamide (BSTFA) 

with 1% of trimethylchlorosilane (TMCS, silyl-991, Macherey-Nagel, Düren, Germany).  

1 µL of the obtained sample was injected and separated on a Trace 1310 GC equipped with a TG-

5MS column (40 m). 1,2-propanediol was separated with a temperature profile starting with 

80°C for 1 min, followed by a ramp to 200°C with 15°C min-1 and then to 150°C with 25°C min-1. 

At the end, the column was kept at 250°C for 1 min. For the separation of glucose, the column 

temperature was kept at 50°C for 1 min and afterwards ramped to 250°C with 15°C min-1. 

Finally, the temperature was kept at 250°C for 4 min. For both methods, the nitrogen flow rate 

was set to 1.5 mL min-1. Following the separation, samples were analyzed on an ISQ LT MS 

(Thermo Fisher Scientific, Waltham, MA, USA). The MS was set up for a full scan with a range 

from 50- 350 m/z in case of 1,2-propanediol and from 50-800 m/z for glucose. The obtained 

spectra were compared to the derivatized 1,2-propanediol (min. 99,5%, Bernd Kraft GmbH, 

Duisburg, Germany) and hydrolyzed glycogen standards for compound identification.  
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Quantification of mass isotopomer distributions for the MBDSTFA derivatized 1,2-propanediol, 

and the BSTFA derivatized glucose was performed in selective ion monitoring mode for the ion 

clusters m/z 247 to 250 and 360 to 368, respectively. These ion clusters correspond to fragment 

ions which are formed by loss of a tertbutyl group or trimethylsilyl groups from the respective 

derivatization residues and thus include the complete carbon skeleton of 1,2-propanediol or glu-

cose. Samples were previously measured in full scan mode to exclude interference of analyzed 

products with impurities. The results were corrected for the natural isotopic distribution of the 

non-backbone carbon atoms and the non-carbon atoms applying the MATLAB (MathWorks, Na-

tick, MA, US) function corrMatGen (Quek et al., 2009). 

2.12 Mass spectrometric detection and quantification of proteins 

Protein synthesis from the recombinant pathway genes was analyzed from 2 mL samples con-

taining 108 Synechocystis PG cells per mL. Samples were harvested by centrifugation, lysed by 

bead beating, digested with trypsin and derivatized with iodoacetamide, all as described previ-

ously (Schipp et al., 2013). Samples were subsequently analyzed by nano-liquid chromatography 

linked to an Orbitrap mass spectrometer (nLC–MS/MS) on an Orbitrap Fusion instrument (Ther-

mo Fisher Scientific, Waltham, MA, USA) equipped with a nanoUPLC system (nanoAcquity, Wa-

ters) as reported before (Marco-Urrea et al., 2011). Peptide identification was based on the 

protein sequences derived from Synechocystis PCC6803 genome (accession number 

NC_000911.1) and the sequences of mgsA (WP_000424181.1), yqhD (NP_417484.1) and adh 

(WP_077844196.1). All calculations were performed with ProteomeDiscoverer Version 2.2 

(Thermo Fisher Scientific, Waltham, MA, USA) with SequestHT as the search engine using precur-

sor and fragment mass tolerances of 3 ppm and 0.6 Da, respectively. The peptide identification 

threshold was set at a false discovery rate (FDR) of 0.01 based on the q-values comparing hits to 

target and decoy databases. The ‘Minora Feature Detector’ node, the ‘Feature Mapper’ node 

and the ‘Precursor Ions Quantifier’ node implemented in ProteomeDiscoverer V2.2 was used for 

label-free quantification on the basis of the intensities of precursor mass spectrometric traces 

and using the GAP-DH from Staphylococcus aureus as an internal standard. Relative abundance 

ranks of proteins were computed in Microsoft Excel on the basis of the label-free quantification 

output. 
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2.13 Northern Blot 

For Northern Blot analysis, 10-25 mL of culture were filtrated through a Supor-800 Filter (Grid, 

0.8 µm, 47 mm, Pall Life Sciences, Michigan, USA). Filter and retained biomass were dissolved in 

1.6 mL of PGTX solution (Pinto et al., 2009) and frozen in liquid nitrogen. Samples were then 

thawed and incubated at 95°C for 5 minutes. Then, 200 µL of pre-cooled 1-bromo-3-

chloropropane (BCP) was added to the samples. Phases were separated by centrifugation 

(4,700 × g, 15 min, 4°C) and the aqueous phase was again extracted with BCP. RNA was precipi-

tated overnight (-20°C) by addition of isopropanol to the aqueous phase. After centrifugation, 

the RNA pellet was washed with 75% pre-cooled ethanol and dried at room temperature. 3 µg of 

total RNA were separated by electrophoresis on 1.3% denaturing agarose gels, blotted onto Roti-

Nylon plus (Carl Roth, Karlsruhe, Germany) membranes and hybridized as described (Dienst et 

al., 2008). Hybridization probes were generated either by in vitro transcription of PCR fragments 

from the T7 promotor in the presence of [α-32P]UTP using a T7 polymerase Maxiscript kit (Ambi-

on, Thermo Fisher Scientific, Waltham, MA, USA) for rnpB or by labeling DNA fragments with 

[α-32P]CTP using the Rediprime II DNA labeling system (GE Healthcare Life Sciences, Chicago, Illi-

nois, US). Signals were detected and analyzed on a PhosphorImager (Typhoon FLA 9500, GE 

Healthcare Life Sciences). The oligonucleotides used for PCR amplification are listed in Table 2-3. 

2.14 Confocal laser scanning microscopy and respective data analysis  

Biofilm development on glass surfaces was monitored in situ using confocal laser-scanning mi-

croscopy (CLSM). Therefore, two different laser scanning microscope (LSM) systems were 

applied, a Zeiss LSM 5 Pascal and a Zeiss LSM 710 NLO (Carl Zeiss, Jena, Germany). 

Autofluorescence of the cyanobacterial cells was excited with a laser wavelength of 488 nm and 

with either 543 nm or 633 nm. Thereby, taking advantage of the natural autofluorescence of 

chlorophyll and the phycobilins phycocyanin, allophycocyanin and allophycocyanin-B (Mariné et 

al., 2004; Vermaas et al., 2008). For photosynthetically nonactive cells, the autofluorescence of 

carotenoids was detected as described earlier (Schulze et al., 2011; Vermaas et al., 2008). Three 

dimensional (3D) biofilm image reconstructions were performed with IMARIS (Bitplane AG, Zü-

rich, Switzerland). 
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3.1 Catalyst development 

Building on the study of Li and coworker, who enabled photoautotrophic 1,2-propanediol pro-

duction in Synechococcus (Li and Liao, 2013), a three-step heterologous pathway for the synthe-

sis of 1,2-propanediol was created. For the production of 1,2-propanediol, DHAP from the 

central carbon metabolism is converted into methylglyoxal by a methylglyoxal synthase in a first 

reaction step (Hopper and Cooper, 1971). Subsequently, methylglyoxal is reduced to acetol and 

then to 1,2-propanediol utilizing an aldehyde reductase and a secondary alcohol dehydrogenase, 

respectively. During the reduction of methylglyoxal to 1,2-propanediol, two reduced nicotina-

mide adenine dinucleotide phosphates (NADPH) are oxidized (Figure 3-1). 

 

Figure 3-1: 1,2-propanediol pathway coupled to the Calvin cycle 

Methylglyoxal synthase (MgsA, derived from E.coli) converts the precursor dihydroxyacetone phosphate (DHAP) derived from the 

Calvin cycle into methylglyoxal. Methylglyoxal is reduced to acetol by an aldehyde reductase (YqhD, derived from E.coli). Acetol is 

then further reduced to the final product 1,2-propanediol by a secondary alcohol dehydrogenase (Adh, derived from Clostridium 

beijerinkii). Thereby two NADPH are consumed.  

For the implementation of the 1,2-propanediol pathway, the genes mgsA (methylglyoxal syn-

thase) and yqhD (aldehyde reductase) derived from E.coli and adh (secondary alcohol dehydro-

genase) obtained from Clostridium beijerinkii were amplified and organized into one operon 

controlled by a trc promotor (Figure 3-2). Promotors that are well characterized and often ap-

plied in heterotrophic lab strains lose much of their functionality if applied in cyanobacteria. 

Nevertheless, lac derived promotors were regularly applied for heterologous gene expression in 

Synechocystis and Synechococcus (Table 1-1). Thereof, the most frequently applied orthogonal 
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promotor is Ptrc (Wang et al., 2012). While the achieved expression level is high, there is signifi-

cant gene expression also in the absence of an inducer (Yu et al., 2013). 

The broad host range plasmid RSF1010 and its origin of replication are often used if replication 

of the plasmid is wanted (Wang et al., 2012), whereas for recombination any high copy and nar-

row host range E. coli vector can be used. Both strategies, genome integration and expression 

from a replicating vector, have advantages and disadvantages. While the transformation with a 

replicative vector is efficient it was also reported that in some cases it was genetically less stable 

(Yu et al., 2013). In addition, it requires the continuing presence of a selection agent. In contrast, 

the chromosomal integration is time consuming due to the polyploidy of cyanobacterial ge-

nomes. However, once the pathway is integrated into all genome copies, it is genetically stable 

and does not require a selection agent. Also, due to several genome copies, the expression level 

is enhanced to a level comparable to that of medium copy number plasmids. 

 

Figure 3-2: Assembly and integration of the 

1,2-propanediol pathway and attempted 

deletion of the glgC (slr1176) gene 

Schematic representation of the 1,2-pro-

panediol operon integrated into the silent 

side slr0168 of the Synechocystis chromo-

some in combination with the attempted 

knockout of the glucose-1-phosphate ade-

nylyltransferase (ΔglgC) by replacement 

with aadA (streptomycin adenylyltrans-

ferase gene). The sequences for homo-

logous recombination are represented in 

red. A black arrow indicates the trc pro-

motor. Genes are represented by green 

arrows, while the ribosomal binding sides 

(RBS) and terminators are indicated by a 

black bar. 

For chromosomal integration, the operon was additionally flanked by homologous regions for 

the recombination into the silent side slr0168 (pBS_slr0168::trc:PG, Figure 2-3) of Synechocystis. 

The pathway was introduced into Synechocystis creating the strain Synechocystis PG. The inte-

gration of the pathway into the genome is visualized in Figure 3-2. DNA sequencing of isolated 

plasmid DNA and PCR products obtained from isolated genomic DNA confirmed sequence identi-

ty. The final plasmid used for integration and gene expression is shown in Figure 2-3. 
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3.2 Whole cell catalyst characterization 

In the following experiments, the created PMCFs were investigated concerning their growth be-

havior, recombinant gene expression, and their capability to produce 1,2-propanediol. Charac-

terization of the biocatalysts was performed in Erlenmeyer flasks. While this cultivation system is 

routinely applied for the cultivation of heterotrophic lab strains, it is not as well understood for 

growing photoautotrophic microorganisms. Therefore, standard cultivation procedures had to 

be established before the strains could be investigated. 

Standard cultivation procedures 

Photosynthetic active radiation. While incubators can be readily equipped with any light source 

to enable photoautotrophic growth, reproducibility of the experiments requires a consistent 

light composition and a uniform light distribution. Different light sources provide various light 

spectra. For example, the wavelengths emitted by white light fluorescent tubes and by white 

light emitting diodes (LEDs) are profoundly different (Figure 3-3). Phototrophic organisms 

showed different physiological reactions when exposed to different parts of the spectrum. Com-

parable results can only be achieved if the same light spectrum is provided for each experiment. 

LEDs were selected as the most suitable light source because their spectrum is similar to the 

spectrum of sunlight. With the ultimate goal to produce value-added compounds from sunlight 

and not artificial light, it is logical to choose a light source with a comparable spectrum. 

 

Figure 3-3: Spectrum provided by different light 

sources 

Spectrum of fluorescent light tubes (in yellow) in 

comparison to light emitting diodes (LED, in 

red). Spectra are normalized to an irradiation 

intensity of 1 µmol m-2 s-1. 

 

Also, the uniform distribution of light inside the incubator is not easily achieved. Especially at the 

outer edges of the incubation platform, significant losses in light intensity can be detected (Fig-

ure 3-4). This drop in light intensity has a negative impact on growth and thereby influences the 

reproducibility of the experiments. This became especially evident at low light intensities. Exper-
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iments were therefore restricted to the 8 central positions on the baseplate of the incubator 

(Figure 3-4, (X3,Y2)-(X6,Y3)). Furthermore, the working volume within the shaking flasks had to 

be restricted to prevent light or CO2 limitation. Culture volume cannot exceed 20% of the shak-

ing flasks volume without impacting growth. To exclude shadows caused by the metal clamps 

and to reduce abrasion to the glass, the shaking flasks were attached to sticky plates (INFORS, 

Bottmingen, Switzerland). 

 

Figure 3-4: PAR measured on the baseplate of the incubator 

PAR measured on the baseplate of the INFORS Multitron photosynthesis plus incubator for each of the 4x8 positions were 

250 mL shaking flasks can be placed (Setpoint 50 µmol m-2 s-1). 

Dissolved inorganic carbon. The other major variable influencing the quality of the shaking flask 

experiments was the mass transfer of CO2 to and from the shaking flask cultures. Mixing of the 

shaking flask cultures was limited by the shear forces affecting the cells. With baffled flasks, the 

shaking frequency was limited to maximal 150 rpm. At frequencies exceeding 150 rpm, a nega-

tive impact on growth was observed (data not shown). Therefore, 150 rpm was the standard 

shaking frequency for all subsequent cultivations. Additionally, the kind of sterile closure which 

was applied was apparently critical for reproducible cultivation. Standard aluminum caps did 

cause deviations during cultivation and led to a higher risk of contamination. Also, experiments 

with membrane type sterile closures used in cell culture did not improve results. Finally, com-

mercially available wrapped paper plugs proved to be optimal. They resulted in a high reproduc-

ibility of growth and did successfully prevent contaminations.  

Despite the paper plugs, the CO2 supply was limiting growth at higher cell densities, and CO2 

availability had to be increased either by addition of sodium bicarbonate to the medium or by an 

increased partial pressure of CO2 within the incubator. The repeated addition of sodium bicar-
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bonate to the culture caused a repeated fed-batch type of cultivation and diluted the culture. 

Therefore, and for the ease of handling, CO2 was supplied via the gas phase by 2% CO2 enriched 

air. Likewise, due to the mass transfer resistance, the culture volume inside the 250 mL Erlen-

meyer flasks was limited to maximal 50 mL (20%) to prevent carbon dioxide limitation.  

Water evaporation. Finally, cultivation times >21 days required an elevated humidity inside the 

incubator to reduce evaporation. As a compromise between evaporation and water condensa-

tion within the incubator, the humidity was adjusted to 75%. With an established reproducible 

cultivation routine in Erlenmeyer flasks, experiments for the characterization of the constructed 

biocatalyst were conducted. 

Growth of Synechocystis PG is unaffected by recombinant gene expression 

To elucidate how the recombinant genes influenced the physiology of the 1,2-propanediol pro-

ducing strain Synechocystis PG, initial shaking flask experiments have been conducted. 

Growth phases of photoautotrophic strains differ from those observed with heterotrophic 

strains. According to Schuurmans et al. and based on the measurement of optical density, the 

growth phases can be distinguished into the lag-phase, an exponential growth phase, a linear 

growth phase, and a late growth phase (Schuurmans et al., 2017). A schematic representation of 

a photoautotrophic growth curve is given in Figure 3-5. The development of the optical density 

(OD) and the cell concentration is shown exemplarily over the time course of a batch cultivation.  

 

Figure 3-5: Schematic representation of an exemplary growth curve of 

a photoautotrophic microorganism 

Schematic growth curve of a photoautotrophic strain divided into 

growth phases based on OD and cell concentration. Growth can be 

divided into a lag phase, an exponential phase with maximal growth 

rate, a linear growth phase caused by either light or CO2 limitation, 

followed by a late growth phase without cell division but with an 

ongoing accumulation of storage compounds and a stationary phase. 

 

While the lag and exponential phase are also observed with heterotrophic growing cultures, the 

linear, late and stationary phases are connected to the photoautotrophic growth. At a specific 

cell density, the availability of PAR is decreased by self-shading of the culture leading to an ener-

gy limitation (Sutherland et al., 1979). As a result, the linear phase resembles a linear fed-batch 

experiment where light is supplied with a constant rate and limits growth. If insufficient DIC is 
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supplied, also a carbon limitation can be the cause of the linear growth phase. Later on, a nutri-

ent that is neither the carbon nor the energy source becomes limiting. This is reflected by a de-

creasing slope of the OD curve. Based on the still increasing biomass, this phase is characterized 

as late growth phase. Finally, in the stationary phase, not the absence of a carbon and energy 

source limits growth, but another nutrient limitation. This limitation prevents the production and 

replacement of the photopigments, which in the end causes bleaching of the culture and finally, 

when the remaining storage compounds are depleted, cell lysis (Figure 3-5). 

The detection of growth via measurement of the optical density at 750 nm (OD750) is only accu-

rate if the optical relevant properties of the cells remain unchanged during the cultivation. Cell 

size, cell shape, and cell content influence the OD measurement. This becomes apparent during 

the late and stationary growth phase where in comparison to the OD signal the cell number re-

mains constant. Some evidence was found, that the accumulation of intracellular storage 

compounds causes the observed increase in OD during the late growth phase. This will be dis-

cussed in detail later on (chapter 3.4). 

Based on the introduced growth phases, the growth of both the Synechocystis wild-type and the 

recombinant strain were characterized. Synechocystis PG was more sensitive to high light inten-

sities. Especially, during the initial growth phase, growth ceased and cells lysed when the light 

intensity was higher than 25 µmol m-2 s-1. Therefore, a light ramp had to be implemented which 

increased with the growth of the culture (Figure 3-6, PAR). This light ramp became part of the 

standard cultivation procedure and was implemented in all following experiments. Synechocystis 

PG and the wild-type showed no significant differences in growth during the exponential, linear, 

and late growth phase (Figure 3-6).  

 

Figure 3-6: Growth and 1,2-propanediol production of 

Synechocystis PG in comparison to the wild-type 

Growth and 1,2-propanediol production of Synecho-

cystis PG (white symbols) in comparison to the wild-

type (black symbols). Experiments were carried out in 

250 mL baffled shaking flasks with a culture volume of 

50 mL under increasing PAR (25 – 200 µmol m-2 s-1), at 

2% CO2, 30°C, 150 rpm, and 75% humidity in an 

INFORS Multitron photosynthesis plus incubator. Mean 

values and standard deviation of 3 biological replicates 

are shown. 

However, while for the wild-type strain a stable OD750 value was observed during the stationary 

phase, the OD750 of the PG strain decreased from 14 to 10 within 5 days. Applying a light regime 
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starting with 25 µmol m-2 s-1 and increasing up to 200 µmol m-2s-1 over cultivation time (Figure 

3-6, PAR) and elevated CO2 concentrations (2%), enabled an exponential growth phase up to an 

OD750 of 4 with a growth rate of 0.032 h-1. After that, the culture grew linear up to an OD750 of 14 

until growth ceased completely. The expression of the heterologous genes did not impair growth 

of the recombinant strain. 

1,2-propanediol formation mainly in the stationary phase 

Functionality and productivity of the heterologous pathway were investigated in shaking flask 

experiments. 1,2-propanediol was detected in the supernatant of the culture only during the late 

and stationary growth phase of the recombinant strain (Figure 3-6). Induction of the trc promo-

tor with isopropyl β-D-1-thiogalactopyranoside (IPTG) did not lead to an increased product for-

mation rate, indicating leaky expression. With an optimized growth protocol applying an 

elevated CO2 concentration of 2% and increasing light intensity up to 200 µmol m-2 s-1, a final 

titer of 12 mM (900 mg L-1, 36 mmolC L-1) 1,2-propanediol was achieved, with a peak volumetric 

production rate of 2.8 mM day-1, representing a maximal specific activity of 55 µmol h-1 gCDW
-1. 

Only minor amounts of acetol (<1 mM) and no methylglyoxal were detected. The production of 

1,2-propanediol was verified by gas chromatography-mass spectrometry (GC-MS).  

Finally, the stability of the pathway integration was evaluated by repeated cultivation on agar 

plates and in liquid culture without selection pressure (Data not shown). No indication for gene 

instability was observed. Experiments with increasing 1,2-propanediol concentrations in the cul-

ture showed no indication for product toxicity, product inhibition or product degradation by the 

catalyst (Appendix, Figure 7-1). 

Transcript accumulation during the growth phase of Synechocystis PG 

Next to the regulation of the carbon flux towards DHAP, the expression of the genes encoding 

for the 1,2-propanediol synthesis pathway is essential for activity. As no product could be 

detected before day 8 (Figure 3-6), the expression of the operon encoding the respective pro-

duction pathway was investigated, especially in the non-productive phase. 

Thus, a cultivation experiment under optimized conditions was performed, and next to biomass 

and product formation, also the transcripts of mgsA, yqhD, and adh (by northern blotting) and 

the corresponding proteins (by mass spectroscopy) have been investigated. Accumulation of 

product was detected starting from day 8 when the culture enters the late growth phase (Figure 
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3-7, A). The production rate increased slightly with biomass, with a rather constant specific activ-

ity of approximately 1.8 µmol gCDW
-1 h-1 (14 fmol cell-1 h-1) until day 12. 

 

Figure 3-7: Transcript accumulation of the 

genes of the production cassette 

(A) Growth and 1,2-propanediol production 

of Synechocystis PG. Note that the growth 

curves have not been corrected for the eva-

poration of the aqueous phase during the 

long cultivation times. 

 

(B) Scheme of the recombination cassette 

for the construction of Synechocystis PG. 

RBS were placed in front of each individual 

gene, but are not indicated here. 

(C) Northern Blot showing the transcript of 

the PG operon, using probes against the 

individual pathway mRNAs adh, yqhD, and 

mgsA during cultivation. DNA hybridization 

probes covered the complete coding region 

of the respective genes. Timepoint of sam-

pling is indicated in days. RNA quality and 

equal loading were checked using the 

housekeeping rnpB gene. Wild-type RNA 

was used as a negative control. 

Starting with day 12 and the transition from late growth to the stationary phase, a significant 

increase in 1,2-propanediol production was observed, with specific activities which were almost 

10× higher (16.5 µmol h-1 gCDW
-1, 130 fmol h-1 cell-1) in comparison to the late growth phase. The 

corresponding Northern Blot is shown in Figure 3-7, C. Hybridization with the housekeeping gene 

rnpB verified the overall quality of RNA isolation. The length of the operon was expected to be 

2779 bp with adh being 1057 bp, yqhD 1164 bp, and mgsA 559 bp long. However, the predicted 
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full-length polycistronic mRNA was not detected by Northern Blot analysis. The bands derived 

from hybridization with the adh and yqhD probes are of varying size, ranging from 200 to 2000 

nt indicating an unstable full-length transcript. The hybridization with the mgsA probe resulted in 

a distinct band of approximately 550 nt suggesting stabilization of the 3`end of the transcript due 

to the addition of a terminator sequence at the end of the operon (Figure 3-2, page 39). The 

other transcripts became more stable until day 8 of cultivation, which coincides well with the 

accumulation of the product. As neither methylglyoxal nor acetol accumulated in the culture, it 

can be assumed, that although stable full-length mRNA could not be detected, diverging stability 

of the transcript was not limiting for production. 

In addition to the Northern Blot analysis, samples for shotgun proteomics were taken after days 

3.8, 5.9, 8.0, and 10.9 with the wild-type strain serving as negative control. Two biological repli-

cates were analyzed. While it was not possible to detect MgsA, the other two proteins of the 

pathway (YqhD and Adh) have been detected at all time points (Appendix, Table 7-1). 

In conclusion, transcript of mgsA could be detected during the cultivation, while the presence of 

MgsA itself could not be verified. The opposite is true for the remaining part of the pathway. 

While Northern Blotting could not verify the transcript of yqhD and adh, the respective proteins 

could be detected. Without evidence for the presence of MgsA, an influence on the activity of 

the pathway on the translational level cannot be excluded. 

Identification of growth-limiting factors 

To increase cell density and thereby the final product concentration, experiments with increased 

nutrient availability were performed. Therefore, Synechocystis PG was grown in 2x concentrated 

YBG11 medium, but elsewise under the same cultivation conditions as described before (Figure 

3-8). No differences during the exponential growth phase in comparison to the control culture 

grown on normal YBG11 could be observed. The increased amount of nutrients in the 2x YBG11 

resulted in a prolonged linear growth phase. However, the maximal observed OD of 22.4 is only 

1.6x higher in comparison to the 13.9 observed with the control, indicating light or CO2 limita-

tion. 

In contrast to the maximal OD, the final 1,2-propanediol concentration is lowered despite the in-

creased biomass concentration. Whereas the control strain produced 10.2 mM 1,2-propanediol, 

only 4.6 mM were produced by the strain growing in 2x YBG11 medium. The reduced titer of 1,2-
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propanediol despite the increase in biomass together with the observation that product for-

mation occurs only during the transition to and within the stationary phase raised the question 

how the activity of the recombinant pathway is related to the limitation of cell growth. 

A special focus was placed on the identification of limiting factors responsible for the growth 

arrest. As 2x BG11 medium enabled higher biomass formation, one component of the growth 

medium YBG11 became limiting during standard cultivation. YBG11 contains 17.5 mM sodium 

nitrate and 0.175 mM dipotassium hydrogen phosphate as nitrogen and phosphate source, re-

spectively. HPLC analysis of the supernatant of Synechocystis and Synechocystis PG cultures dur-

ing cultivation revealed that when the cultures enter the stationary phase, nitrate is still present 

in the supernatant (data not shown). In contrast, phosphate could not be detected in the culture 

supernatant after the early growth phase (initial 5 days) of the culture (YBG11, Figure 3-9, B). 

Cultures of Synechocystis PG were therefore grown in YBG11 medium containing different 

amounts of dipotassium hydrogen phosphate (0, 25, 50, 75, 100, 150, and 200% of the phos-

phate amount initially present in YBG11) (Figure 3-9). Final biomass titers correlated linearly be-

tween 0 and 100% of added phosphate (Figure 3-9, C). A further increase in phosphate 

availability only had a slight effect on biomass titers. The maximum OD value reached was 16 at 

150%, and 200% added phosphate. This indicates that another component of the medium be-

came limiting at that time point. 

The phosphate concentration heavily influenced product formation. Significant amounts of the 

product could only be detected for cultures grown in media containing 100% phosphate or more  

 

Figure 3-8: Growth and 1,2-propanediol production with increased nutrient availability 

(A) Growth (OD750) of Synechocystis PG cultures in YBG11 (white symbols) and doubled concentrated (black symbols) YBG11 

medium. (B) 1,2-propanediol concentrations during cultivation. Mean values and standard deviation of 4 biological replicates are 

shown. 
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(Figure 3-9, B). The maximum product amount of 9 mM (685 mg L-1, 27 mmolC L-1) 1,2-

propanediol was measured for medium supplied with 100% phosphate (Figure 3-9, C). At con-

centrations exceeding 100% phosphate, the productivity for 1,2-propanediol formation de-

creased significantly, indicating an inhibitory effect on the respective enzymes. This provided 

evidence that the presence of phosphate strongly influenced growth and productivity of 

Synechocystis in YBG11. A phosphate limitation is likely to initiate the entrance of the cells into 

the stationary phase under the conditions applied. Although relieving this limitation leads to 

higher biomass titers, it concomitantly results in significantly lower 1,2-propanediol titers. Apart 

from nitrogen, phosphate, CO2, and light, no other compound has been evaluated for possible 

growth limitation in this study. 

 

Figure 3-9: Influence of phosphate availability on growth and 1,2-propanediol production 

(A) Growth (OD750) of Synechocystis PG cultures in YBG11 medium containing different phosphate concentrations relative to the 

standard phosphate content (0.175 mM) of YBG11 medium (0, 25, 50, 75, 100, 150, 200%, increasing gray scale of symbols cor-

responding to increasing phosphate concentration) Note that the growth curves have not been corrected for the evaporation of 

the aqueous phase (0.2 mL day-1) during the long cultivation times. (B) Phosphate and 1,2-propanediol concentrations during 

cultivation (D) Correlation of maximal OD750 value to supplied phosphate concentrations and maximal 1,2-propanediol titers. 

Mean values and standard deviation of 2 biological replicates are shown. 
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To conclude, the final product titer cannot merely be improved by increasing the amount of pre-

dissolved nutrients. A deeper understanding of the interconnection between nutrients, PAR, DIC, 

and the performance of the biocatalyst is necessary to develop rational process and reaction 

engineering strategies leading to enhanced product titers. 
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3.3 Influence of the key substrates light and carbon dioxide on growth and 

productivity of Synechocystis PG 

Nutrient supply and feeding strategy can have a considerable influence on the effectivity of mi-

crobial fermentation processes. Precursor and energy for the synthetic 1,2-propanediol pathway 

have to be provided by the host cell. In contrast to heterotrophic cultivations, both, carbon and 

energy, are not previously solubilized in the aqueous phase. In a standard heterotrophic cultiva-

tion carbon and energy are derived from the same soluble organic substance, which is 

heterogeneously distributed within the liquid phase. The energy source of photoautotrophic 

growing bacteria is light, which has to be provided in sufficient amounts to allow growth. Light 

differs in its characteristics from other substrates. It cannot be supplied in the medium or via 

aeration. Mass transport hindrance is of no importance with light as substrate. A light source 

with a characteristic spectrum generates photosynthetic active radiation (PAR). Its overall 

intensity of PAR alone can not sufficiently describe the light. The energy source light needs to be 

characterized by the contained wavelengths and their intensity distribution. With increasing cell 

concentration, the light is absorbed and thereby diminished already in the outer layers of the 

culture and no homogeneous light distribution within the culture can be achieved. The carbon 

source utilized by Synechocystis PG is CO2, which has to be supplied via the gas phase to the cul-

ture. In the following, the influence of these substrates on growth and propanediol production is 

investigated. 

Influence of different light intensities on the growth phases of Synechocystis PG 

The different growth phases of a phototrophic batch culture can be distinguished into lag, expo-

nential, linear, late, and stationary phase as already described exemplarily in chapter 3.2. Out of 

these, only the exponential and linear growth phases were influenced by the light intensity in 

these experiments. During the exponential growth phase, a consistent growth rate of 

0.039±0.001 h-1 (Figure 3-10, Table 3-1) was observed, independently of the provided light in-

tensity. However, the available light intensity determined the transition point from exponential 

to linear growth and thereby the length of the exponential phase. In the following linear growth 

phase, the growth rate was rising with increasing light intensity (Table 3-1).  

Light intensities of 50 µmol m-2 s-1 and below did not provide enough energy for the cells to grow 

exponentially to an optical density higher than 3 and thereby caused a prolonged linear growth  
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Figure 3-10: Influence of different light intensities on the growth of Synechocystis PG 

Optical density and cell concentration on a linear (left column) and logarithmic scale (right column) measured during shaking flask 

cultivations with Synechocystis PG. The light intensity is increased stepwise during cultivation. The final light intensities supplied 

were 50, 100, 150, 200, and 250 µmol m-2 s-1, increasing from the top to the bottom row. Cultivation took place at 30°C, 150 

rpm, 75% humidity, and under 2% CO2 enriched atmosphere (growth rates and main data points summarized in Table 3-1). 
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Table 3-1: Maximal exponential and linear growth rates determined for different final light intensities under 

2% CO2 

PAR 

[µmol m-2 s-1] 

µ 

[h-1
 , ±0.001] 

rL  

[h-1
 , ±0.004] 

OD750,max 

[/, ±0.25] 

µcell # 

[h-1 , ±0.002] 

#cell,max 

[108 mL-1, ±0.2] 

50 0.047 0.10 14.8 0.044 3.8 

100 0.038 0.17 15.1 0.041 3.9 

150 0.040 0.18 14.9 0.039 3.8 

200 0.039 0.21 15.5 0.039 3.6 

250 0.039 0.20 15.2 0.036 3.3 

Data derived from Figure 3-10 and Figure 3-11. 

phase (Figure 3-10, A). The stronger energy limitation due to the lower light intensity led to a low 

linear growth rate of 0.10 h-1 (Table 3-1). Intensities of PAR of 100 µmol m-2 s-1 and above al-

lowed for an exponential growth up to an optical density of approximately 6. The corresponding 

linear growth rates were increasing from 0.1 to 0.2 when the light intensity increased from 50 to 

200 µmol m-2 s-1. An even higher light intensity of 250 µmol m-2 s-1 did not increase the linear 

growth rate any further. The analysis of the exponential growth rate based on the cell concentra-

tion during the exponential phase resulted in similar growth rates (Table 3-1). The transition of 

the linear to the late growth phase was independent of the light intensity, as was the maximal 

reached optical density. In contrast to that, the final cell concentration was slightly decreasing by 

5-15% at high light intensities (200 vs. 250 µmol -2 s-1, Table 3-1). A more precise assessment of 

the growth rates and phases would demand an experiment with a higher sample frequency, 

which is difficult to realize in a 50 mL shaking flask scale. However, the differences in the linear 

growth rates caused by the increased light intensity hardly influenced the process time and the 

space-time yield. Therefore, they are of minor importance for process development. 

Influence of increasing PAR on the glycogen and propanediol production in Synechocystis PG 

While the impact of the available light intensity on the growth and thereby the process duration 

was of minor importance, a significant effect of this parameter was seen on the propanediol 

production. Thus, the propanediol and glycogen concentrations have been determined for the 

cultivations shown in Figure 3-10. The maximal produced glycogen concentration was increasing 

from 18.5 to 27.5±1.0 mMC with increasing final light intensities (Table 3-2). 
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Table 3-2: Maximal Glycogen and propanediol concentrations, as well as production and turnover rates 

measured at different final light intensities 

PAR 

[µmol m-2 s-1] 

cPDO,max  

[mMC , ±0.8] 

rPDO,max  

[mMC d-1, ±1.6] 

cGly,max  

[mMC ,±1.0] 

rGly,max  

[mMC d-1, ±2.0] 

50 19.3 3.0 18.5 -4.1 

100 21.1 3.2 22.6 -4.9 

150 21.5 3.2 23.3 -4.4 

200 28.4 5.4 26.4 -6.4 

250 30.4 8.3 27.5 -7.2 

Data derived from Figure 3-11. 

The initiation of glycogen turnover was congruent with the beginning of the stationary phase. 

Based on the measured concentrations, the maximal glycogen degradation rate was determined 

(Table 3-2, Figure 3-11). The rate of glycogen turnover was increasing from 4.1 mMC d-1 at 

50 µmol m-2 s-1 to 7.2±2.0 mMC d-1 at 250 µmol m-2 s-1. 

The same trend was observed for propanediol. Final propanediol concentrations were increasing 

from 19.3 to 30.4±0.8 mMC with increasing final light intensities, while the 1,2-propanediol pro-

duction rate rose from 3.0 to 8.3±1.6 mMC d-1 when the final light intensity increased from 50 to 

250 µmol m-2 s-1. The highest increase in concentrations and rates was observed when the 

threshold of 200 µmol m-2 s-1 was exceeded. Especially for the propanediol production, only a 

minor increase in concentration and rate was observed when the light intensity increased from 

50 to 150 µmol m-2 s-1. Only after the light intensity was increased further to 200 µmol m-2 s-1, an 

increase of 33% could be achieved. 

Experiments with higher light intensities of 300 µmol m-2 s-1 and more would be interesting, but 

could not be tested due to technical limitations of the incubator system, which is not capable of 

providing light intensities above 270 µmol m-2 s-1. Photobioreactor experiments with higher light 

intensities up to 400 µmol m-2 s-1 revealed that Synechocystis PG is not capable of utilizing fur-

ther increased PAR (data not shown). 

In conclusion, light intensities of 200 - 250 µmol m-2 s-1 should be applied for maximal produc-

tivity as the increased light intensity had a positive impact on the propanediol titer and rate. 

With the increased rate, the final titer could be achieved within 14 days, whereas it takes up to 5 

days longer with light intensities below 200 µmol m-2 s-1.  
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Figure 3-11: Influence of different light intensities on the glycogen and propanediol formation of Synechocystis PG 

Optical density and cell concentration as well as the cellular volume (left column, classification of growth phases see Figure 3-10) 

and propanediol and glycogen concentrations in mMC (right column) measured during shaking flask cultivations with Synecho-

cystis PG. The light intensity was increased stepwise during cultivation. The final light intensities supplied were 50, 100, 150, 200, 

and 250 µmol m-2 s-1, increasing from the top to the bottom row. Cultivation took place at 30°C, 150 rpm, 75% humidity, and 

under 2% CO2 enriched atmosphere (main data points summarized in Table 3-2). 
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Influence of CO2 availability on the growth phases of Synechocystis PG 

Carbon dioxide is the sole carbon source for growth of the PMCF as well as for the production of 

1,2-propanediol. Therefore, the impact of a carbon dioxide limitation on Synechocystis PG was 

investigated. Cultures were incubated under a light regime that allowed for exponential growth 

up to an optical density of above 6 (Figure 3-13), as could be seen in previous experiments. Un-

der these conditions, the influence of ambient (0.04%), 2%, and 5% carbon dioxide in the atmos-

phere of the incubator (Figure 3-13, A-C) was investigated. 

 

Figure 3-12: Schematic drawing of CO2 mass transfer into a 

shaking flask  

Diffusion of carbon dioxide from the CO2 enriched atmosphere 

of an incubator via a sterile closure into baffled shaking flasks 

and the culture. 

 

The equilibrium concentration of dissolved CO2 in solution depends on the partial pressure of 

CO2 in the surrounding gas phase. The ratio of both partial pressures, in the headspace and the 

solution, is given by the Henry coefficient for CO2 (Equation (1)). It is also influenced by the salt 

concentration in the medium. In the case of BG11 the influence is limited due to the low salt 

concentration. The Henry coefficient for CO2 (HCO2
cp) was determined to 3.4x10-4 mol m-3 Pa-1 at 

25°C (Sander, 2015). The van’t Hoff equation gives the temperature dependency of the Henry 

coefficient (Equation (2)).  

(1) 𝑐𝐶𝑂2 = 𝐻𝐶𝑂2𝑐𝑝 × 𝑝𝐶𝑂2 

(2) 𝑑(𝑙𝑛𝐻)𝑑(1/𝑇) = −∆𝐻𝑠𝑜𝑙𝑅 → 𝐻(𝑇) = 𝐻0 × 𝑒𝑥𝑝 (−∆𝐻𝑠𝑜𝑙𝑅 × (1𝑇 − 1𝑇0)) 

The solubility of carbon dioxide decreases with higher temperatures. The Henry coefficient at 

30°C is calculated to 2.98x10-4 mol m-3 Pa-1. Carbon dioxide is part of the carbonate equilibrium 

(Equations (3) to (5)), it reacts with water to form carbonic acid, which is dissipating into bicar-

bonate rapidly, which can further react to carbonate. Both equilibrium constants (K1 and K2, 

Equations (6),(7)) were measured for water at different temperatures and salinities (Millero et 

al., 2006). The salinity of BG11 medium is approximately 1.7 gsalts kgsolution
-1 (Equation (8)), and all 
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experiments were carried out at 30°C. The corresponding equilibrium constants are 6.15 (pK1) 

and 9.74 (pK2).  

(3) CO2 ↔ CO2,aq 

(4) CO2,aq +  𝐻2O ↔ H2CO3 ↔ HCO3− + H+
 

(5) HCO3− ↔ CO32− + H+
 

(6) K1 = [HCO3−][H+][CO2,aq]     (7) K2 = [CO32−][H+][HCO3−]  

(8) 𝑆 = 𝑚𝑠𝑎𝑙𝑡𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 × 1000 (9) pH = −log [H+] 

At neutral pH in YBG11 medium (pH 7.2), the amount of carbonic acid is below 1% of the total 

dissolved inorganic carbon (DIC) and can be neglected. The soluble CO2 concentrations at partial 

pressures of 0.04%, 2%, and 5% and a stable pH of 7.2 were calculated. In an insufficiently buff-

ered system, the pH will decrease with increasing partial pressure of CO2, which again will influ-

ence the carbonate equilibrium. The corresponding concentrations of DIC are given in Table 3-3. 

The DIC concentration increases from 0.15 mM at ambient conditions to 7.3 mM at 2%, and to 

18.3 mM at 5% CO2 in the surrounding atmosphere. It was shown that an increased DIC concen-

tration is beneficial for Synechocystis growth. 

Table 3-3: DIC in the BG11 medium at 30°C, pH 7.2, and at different partial pressures 𝒑𝑪𝑶𝟐  

[%] 

𝒄𝑪𝑶𝟐   

[mM] 

𝒄𝑯𝑪𝑶𝟑−  

[mM] 

𝒄𝑪𝑶𝟑𝟐−  

[mM] 

𝒄𝑫𝑰𝑪 

 [mM] 

0.04 0.012 0.134 0.000 0.146 

2.0 0.596 6.687 0.019 7.302 

5.0 1.490 16.717 0.048 18.255 

Data calculated based on equations (1)-(9). 

Neglecting the mass transport resistance caused by the wrapped paper plug sealing the shaking 

flask, the mass transfer of CO2 from the atmosphere into the aqueous phase were it enters the 

cells is defined by the diffusion coefficient for CO2, the surface area of the liquid phase and the 

partial pressure difference of carbon dioxide in solution and in the headspace of the shaking 

flask. A carbon dioxide limitation occurs when the concentration of dissolved inorganic carbon 
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decreases to zero because the cells are taking up bicarbonate and CO2 faster than it can be 

provided by the mass transfer from the gas phase. Assuming a thin layer diffusion process, the 

mass transfer from the gas phase can be described by Fick’s first law (Equation (10)). 

(10) 𝐽𝐶𝑂2 = 𝑘𝐿𝐴 × ∆𝑐𝐶𝑂2 

The driving force for the diffusion of CO2 into the aqueous phase is the concentration gradient 

that is increasing with increasing partial pressure in the gas phase. The volumetric gas transfer 

coefficient kLa represents the diffusion coefficient, the layer thickness and the specific interface 

area, which is often hard to determine. The kLa value for shaking flask experiments can, for ex-

ample, be calculated from the reaction rate of a carbon dioxide limited reaction. In case of a car-

bon dioxide limited microbial growth, the incorporation rate of carbon into biomass should 

reflect the maximal CO2 mass transfer over the gas/liquid interface. 

With 0.04% CO2 in the incubator atmosphere, the driving force given by the difference in the CO2 

partial pressure is low. Therefore, a substantial and early carbon limitation was to be expected. 

Exponential growth with a growth rate of 0.032±0.002 h-1 could be observed for 3 days up to an 

optical density of 2.2 (Figure 3-13, A). Afterwards, only linear growth with a rate of 

0.03±0.002 h-1 was be measured. In comparison to the light limitation discussed in the previous 

paragraph, there was a difference in the slope of the exponential curve and the linear fit at the 

intersection. Whereas the light is directly taken up by the photosystems, the CO2 needs to be 

transferred to the aqueous phase before, where a chemical equilibrium between carbon dioxide, 

bicarbonate, and carbonic acid is established. Therefore, dissolved inorganic carbon is “stored” 

in the aqueous phase. When the culture reaches a biomass concentration where more DIC is 

taken up than can be provided from the gas phase, there is a short phase were a higher carbon 

uptake is possible until the DIC amount in the aqueous phase is depleted. Afterwards, the culture 

grows at a lower rate, which is controlled by the maximal possible CO2 mass transfer. Precisely 

this behavior can be observed in Figure 3-13, panel A, where the culture is grown with only 

0.04% carbon dioxide. The exponential growth and the linear growth phase under 0.04% carbon 

dioxide were independent of the supplied light energy. Even at 50 µmol m-2 s-1, the carbon limi-

tation was dominating growth. The same is true for 100, 150, and 200 µmol m-2 s-1 (Appendix, 

Figure 7-2). In comparison, no carbon limitation was observed at 2% and 5% carbon dioxide.  
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Figure 3-13: Influence of different CO2 concentrations in the incubator on the growth of Synechocystis PG 

Optical density and cell concentration on a linear (left column) and logarithmic scale (right column) measured during shaking flask 

cultivations with Synechocystis PG, as well as the supplied light intensity at each time point during cultivation. The light intensity 

was increased stepwise during cultivation from 25 to 250 µmol m-2 s-1. Cultures were grown under different CO2 concentrations, 

increasing from 0.04% to 2% and 5% from the top to the bottom row (growth rates and main data points summarized in Table 

3-4). 

The exponential growth rates based on OD measurements observed during the cultivations un-

der ambient conditions, 2% and 5% CO2 were increasing with increasing partial pressure. Surpris-

ingly, the rate of cell division was not influenced. The optical density reflects not only particle 

number but also particle size, shape, density, pigmentation and surface properties and is there-

fore also a measure of the increase in biovolume. In this work, the optical density was measured 

at a wavelength of 750 nm to exclude the influence of chlorophyll and the antenna pigments. 

Microscopic analysis revealed that the cell shape is not altered (data not shown). Therefore, the 

difference in readout of the optical density measurement in comparison to the cell concentra-

tion is caused by either an increase in cell size or in an accumulation of insoluble intracellular 

substances that cause increased light scattering.  
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Table 3-4: Maximal exponential and linear growth rates determined for different CO2 concen-

trations at a final light intensity of 250 µmol m-2 s-1 

CO2 

[%] 

µ 

[h-1
 , ±0.002] 

rL  

[h-1
 , ±0.002] 

µcell # 

[h-1 , ±0.002] 

OD750,max 

[/, ±1.0] 

0.04 (ambient) 0.032 0.03 0.039 8.6 

2.0 0.039 0.20 0.036 15.2 

5.0 0.050 / 0.039 14.8 

Data derived from Figure 3-13. 

The cell size indeed increased with increasing partial pressure from 9 to 14 and finally to 21±0.6 

µm3 under 5% CO2 (Figure 3-14). This reflects the influence of the available DIC concentration on 

the accumulation of storage compounds, which will be further discussed in the following section.  

Influence of increasing CO2 availability on the glycogen and propanediol production of Synecho-

cystis PG 

The difference in CO2 availability is not only reflected in the growth of Synechocystis PG but is 

also influencing both glycogen and propanediol production. The glycogen content of 27.5 mMC 

at 2% CO2 decreased significantly to 9.1 mMC at 0.04% and increased to 37.3 mMC at 5% CO2. 

Simultaneously, an increase in cell size was detected, as described above. Regarding 1,2-

propanediol production, the emerging picture was not so clear. The final titer was increased by 

43% from 21.2 to 30.4 mMC (Table 3-5) when the air was enriched with 2% CO2. Surprisingly, at 

5% CO2, only 14.3 mMC propanediol was produced, corresponding to 2.0 mMC d-1. This was even 

below the values achieved with 0.04%. At 5% CO2, the propanediol production ceased before the 

glycogen pool was completely consumed. For the cultures grown at 0.04% CO2, a decline in cell 

concentration was observed for all light intensities (Figure 3-14, A and Appendix, Figure 7-2) as 

soon as the glycogen pool was depleted, which was not seen at 2 and 5% CO2.  

In conclusion, an ambient CO2 concentration of 0.04% limited the growth and production of the 

biocatalyst, while a partial pressure of 5% increased the glycogen titer but did not improve 

productivity. A CO2 concentration of 2% seemed to be sufficient to sustain growth and 1,2-

propanediol production.  
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Figure 3-14: Influence of different CO2 concentrations in the incubator on the glycogen and propanediol formation of Synechocystis 

PG 

Optical density and cell concentration as well as the cell volume (left column, classification of growth phases see Figure 3-13) and 

propanediol and glycogen concentrations in mMC (right column) measured during shaking flask cultivations with Synechocystis 

PG, as well as the supplied light intensity at each time point during cultivation. The light intensity was increased stepwise during 

cultivation from 25 to 250 µmol m-2 s-1. Cultures were grown under different CO2 concentrations, increasing from 0.04 to 2 and 

5% from the top to the bottom row (main data points summarized in Table 3-5). 

Table 3-5: Maximal Glycogen and propanediol concentrations, as well as production and turnover rates measured at different CO2 

concentrations 

CO2 

[%] 

cPDO,max  

[mMC , ±0.8] 

rPDO,max  

[mMC d-1, ±1.6] 

cGly,max  

[mMC ,±1.0] 

rGly,max  

[mMC d-1, ±2.0] 

0.04 (ambient) 21.2 10.6 9.1 -1.9 

2.0 30.4 10.7 27.5 -7.0 

5.0 14.3 2.0 37.3 -5.0 

Data derived from Figure 3-14. 
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3.4 Impact of storage compounds glycogen and PHB in the photoautotrophic 

production of 1,2-propanediol with Synechocystis PG 

In all experiments conducted so far, 1,2-propanediol production was restricted to the late 

growth and stationary phase. During this phase, the optical density of Synechocystis PG de-

creased significantly, while the cell number remained stable. The decrease in optical density cor-

relates to a simultaneous decrease in cell size (e.g., Figure 3-11), which could be caused by 

decreasing amounts of storage compounds. If this is the case, the necessary carbon and energy 

for the synthesis of 1,2-propanediol may be derived either directly from the Calvin cycle or indi-

rectly from the intracellular accumulated storage compounds PHB or glycogen. The influence of 

these storage compounds on the propanediol production was investigated in the following ex-

periments. 

1,2-propanediol production coincides with glycogen turn over 

To elucidate the interrelation of storage compounds and 1,2-propanediol production, the intra-

cellular glycogen and PHB pools have been monitored throughout the cultivation of Synechocyst-

is PG and the wild-type strain (Figure 3-15). Both strains grew comparable to previous 

experiments. For this experiment, the measurement of cell numbers was replaced by the deter-

mination of the CDW because the decrease in storage compounds should be reflected in the 

CDW, whereas the cell number remains constant. PHB was not detected in significant amounts 

(< 1% of CDW), whereas the glycogen concentration increased during the linear and late growth 

phase and reached a maximum of 18 mmolC L-1 (~24% of CDW) in the wild type. Notably, the 

glycogen pool was not instantly utilized with entry into the stationary phase, which was strikingly 

different in the recombinant strain Synechocystis PG. Here, glycogen accumulated to approxi-

mately 18% of the CDW and then decreased to zero during the production phase. The decrease 

in biomass concentration of 0.4 g L-1 during the production phase fits precisely the amount of 

glycogen consumed. From these findings, we conclude that the decline in biomass was due to 

glycogen turn-over. After the glycogen pool was depleted, no further 1,2-propanediol formation 

could be observed. 



Chapter 3 

64 

 

Figure 3-15: Growth and production parameters of the recombinant strain Synechocystis PG in comparison to the wild-type 

(A) Growth and (B) glycogen as well as 1,2-propanediol production of Synechocystis PG (white symbols) in comparison to the wild 

type (black symbols) (C) Volumetric 1,2-propanediol productivity of Synechocystis PG over the time course of cultivation. Experi-

ments were carried out in 250 mL baffled shaking flasks with a culture volume of 50 mL under increasing light intensity (25 – 

200 µmol m-2 s-1), 2% CO2, 30°C, 150 rpm, and 75% humidity in an INFORS Multitron photosynthesis plus incubator. Note that the 

growth curves have not been corrected for the evaporation of the aqueous phase (0.2 mL day-1) during the long cultivation times. 

With the exception of CDW, mean values and standard deviation of 4 biological replicates are shown. 

Reduced 1,2-propanediol production due to impaired glycogen synthesis  

To further elucidate the importance of the glycogen pool for 1,2-propanediol production, the 

strain Synechocystis ∆glgC PG was designed. The glgC deletion prevents the formation of glu-

cose-1-phosphate adenylyl transferase and thereby, the conversion of glucose-1-phosphate to 

ADP-glucose. Without ADP-glucose, glycogen cannot be synthesized (Figure 1-3). The knockout 

strains were constructed based on the same Synechocystis PCC 6803 strain delivered by the Pas-

teur culture collection as the recombinant Synechocystis PG. 

In addition, a Synechocystis sp. PCC6803 ΔglgC mutant kindly donated from the Hellingwerf lab 

(Van der Woude et al., 2014) was transformed with the genes for the 1,2-propanediol pathway. 

The two strains with different background were annotated with SynechocystisPCC in case of the 

original strain derived from the Pasteur culture collection and with SynechocystisST for the Stan-

ford strain derived from the Hellingwerf lab. Shaking flask cultivations were performed with wild-



Results 

65 

type SynechocystisPCC, SynechocystisPCC ΔglgC (Figure 3-16, A), SynechocystisPCC PG, and ΔglgC PG 

(Figure 3-16, B, D) as well as with the respective Stanford strains (Figure 3-16, C, E). All four Syn-

echocystisPCC strains, wild-type, ΔglgC, PG, and ΔglgC PG grew comparable to an OD750 of 15 with 

minor deviations in the late growth phase. Significant differences occurred in the stationary 

phase.  

 

Figure 3-16: Influence of impaired glycogen synthesis (ΔglgC) on growth and 1,2-propanediol production of Synechocystis 

PG 

Growth of SynechocystisPCC (A), SynechocystisPCC PG (B), SynechocystisST PG (C) (black symbols) and their respective glgC deletions 

(white symbols), as well as the comparison of produced 1,2-propanediol concentrations, either with or without glgC deletion 

(D,E). Experiments were carried out in 250 mL baffled shaking flasks with a culture volume of 50 mL under increasing light inten-

sity (25 – 200 µmol m-2 s-1), 2% CO2, 30°C, 150 rpm, and 75% humidity in an INFORS Multitron photosynthesis plus incubator. 

Mean values and standard deviation of 4 biological replicates are shown. Note that the growth curves have not been corrected 

for the evaporation of the aqueous phase (0.2 mL day-1) during the long cultivation times. 
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While the wild-type and the ΔglgC strain showed a stable OD750 at 15 for more than 10 days, 

both PG and ΔglgC PG decreased to an OD750 of 10 during the stationary phase. For the PG 

strain, this is simultaneous with the beginning of the stationary phase as already observed in 

previous experiments. However, although glgC was apparently deleted, there were indications 

that glycogen was still produced, as the same decrease in the growth curve was observed during 

the stationary phase in case of the ΔglgC PG strain, which was attributed to glycogen turnover. 

Notably, the ΔglgC PG strain produced about 30% less 1,2-propanediol than the PG strain (Figure 

3-16, D). In the same experiment with the respective SynechocystisST strains, the ΔglgC PG strain 

grew significantly slower than the PG strain. In comparison to the experiment with the respective 

PCC strains, the final 1,2-propanediol titer was reduced from 26 mMC to 16 mMC with the Stan-

ford strain. Nevertheless, the knockout of glgC had the same impact (Figure 3-16, C, E). Again, 

the glgC knockout strain produced about 38% less 1,2-propanediol. The decrease in optical den-

sity for both ΔglgC PG strains opens up questions regarding glycogen metabolism and segrega-

tion of mutations throughout all chromosome copies in Synechocystis. 

 PG ΔglgC PG  Table 3-6: Maximal propanediol concentrations measured during 

cultivation with PG and ΔglgC PG strains based on SynechocystisPCC 

and SynechocystisST SynechocystisST 25.8 16.1  

SynechocystisPCC 31.7 22.0  

Data derived from Figure 3-16. 

1,2-propanediol is partly derived from previously accumulated glycogen 

Previous experiments showed a correlation between the presence of glycogen and the produc-

tion of 1,2-propanediol. This dependency is reflected in the start of propanediol production, 

which is correlating with the phase of glycogen degradation, as could be seen in the experiments 

with impaired glycogen formation. To determine the origin of the carbon flux towards the 

synthetic pathway, experiments with 13C labeled CO2 were conducted. Initially performed growth 

experiments, performed with the new setup showed no significant influence in comparison to 

previous shaking flask experiments (data not shown). 

In the following, the shaking flasks were inoculated with Synechocystis PG and grown under a 

13CO2 enriched atmosphere for 8 days, up to a maximal optical density of 12 and the transition to 

the stationary phase. This way incorporation of almost exclusively (>98%) labeled carbon atoms 

into the 17.2 mMC amounting glycogen pool could be achieved (Figure 3-17, C). In this context, 

only insignificant amounts of PHB (<0.2 mMC) were measured. With the beginning of propanedi-
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ol formation, the headspace of the shaking flasks was flushed with synthetic air without CO2 for 

10 min to remove most of the labeled CO2 from the medium before the mass flow controllers 

were switched from labeled to unlabeled CO2. 

 

Figure 3-17: Carbon partitioning during 1,2-propanediol production of Synechocystis PG 

Growth (A), assessment of growth phases (B) and glycogen turn-over (C, D) of Synechocystis PG in a 13CO2 enriched atmosphere 

(indicated by the gray fasciated background) followed by the production of 1,2-propanediol (E, F) in an atmosphere enriched with 

natural CO2 (white background). Cultivation was conducted in an INFORS Minitron incubator at 30°C, 150 rpm, 2% CO2/13CO2, 

75% humidity, and under increasing PAR (25-200 µmol m-2 s-1, indicated in yellow) in the growth phase, followed by subsequent 

constant irradiation of 200 µmol m-2 s-1 for another 10 days. Presented are the OD750 and cell number (A), the 1,2-propanediol 

and glycogen concentrations in mM carbon and mM labeled carbon (C, E), as well as the respective production rates for 1,2-

propanediol and glycogen, again divided into overall production and production from labeled carbon atoms (D, F). Important 

concentrations are summarized in Table 3-7. 
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With glycogen, PHB, and biomass as only remaining sources for labeled CO2 and the Calvin cycle 

as the sole source for unlabeled CO2, the labeling of the produced propanediol allows for the 

differentiation of carbon derived from the pool of storage compounds and carbon derived from 

photosynthetic carbon fixation. 

Table 3-7: Glycogen and propanediol concentrations, as well as 13C incorporation before and after the production phase 

 Glycogen [mMC] 1,2-propanediol [mMC] ∑ [mMC] 

 12C 13C 12C 13C 12C 13C 

day 8 0.5±0.0 16.5±0.3 0±0.0 0.7±0.1 0.5 17.2 

day 16 1.7±0.2 0.8±0.1 20.8±0.7 7.7±0.3 22.5 8.5 

Balance +1.2 -15.7 +20.8 +7.0 +22.0 -8.7 

Data derived from Figure 3-17. 

At the end of the cultivation, 9.3 mM propanediol were produced, containing 28 mMC, com-

posed of 26% (7.5 mM) labeled and 74% (20.5 mM) unlabeled carbon atoms (Figure 3-17, E, Ta-

ble 3-7). During the linear growth phase, the glycogen production rate increases up to 

9.5 mMC d-1, while the consumption rate in the stationary phase was about 2.5 mMC d-1 (Figure 

3-17, D, Table 3-7). During the production in the stationary phase, glycogen represented the only 

significantly decreasing intracellular carbon pool. Therefore, up to 26% of the carbon entering 

the synthetic pathway was derived from glycogen turn over. The remaining 74% were unlabeled 

and therefore captured by the Calvin cycle. The overall propanediol production rate was 

increased up to 7 mMC d-1. Thereof, the labeled carbon derived from glycogen contributes 

constantly 1.25 mMC d-1, whereas the unlabeled carbon contributed from the Calvin cycle in-

creases from 1 mMC d-1 at day 8 to 5 mMC d-1 at day 10 (Figure 3-17, F). Afterward the Calvin 

cycle activity is decreasing and stopped entirely at day 16 when the glycogen pool was depleted. 

This implies that only 7.5 mMC of the 17.2 mMC previously stored in the glycogen pool were 

redirected to propanediol. The remaining 56% (9.7 mMC) could be used for cellular maintenance 

or were completely oxidized to CO2 again. 

1,2-propanediol cannot be produced in the absence of an external energy source 

From the conducted experiments two question arise. First, if 1,2-propanediol can be produced 

from glycogen alone and secondly if an energy limitation can induce glycogen degradation and 

thereby propanediol production. To answer these questions, the previous experiment was 

repeated with the following modification. With the beginning of the stationary phase, the cul-
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tures were not only aerated with unlabeled CO2 but also kept in darkness for 5 days, followed by 

5 days at 200 µmol m-2 s-1 (Figure 3-18). 

 

Figure 3-18: Influence of dark/light regime on carbon partitioning and productivity in Synechocystis PG  

Growth (A), assessment of growth phases (B), and glycogen turn-over (C, D) of the recombinant strain Synechocystis PG under 
13CO2 enriched atmosphere (indicated by the gray fasciated background) followed by the production of 1,2-propanediol (E, F) in 

an atmosphere enriched with natural CO2 (white background). Cultivation was conducted in an INFORS Minitron incubator at 

30°C, 150 rpm, 2% CO2/13CO2, 75% humidity, and under increasing PAR (25-200 µmol m-2 s-1, indicated by the yellow background) 

in the growth phase, followed by darkness for 5 days and subsequent constant irradiation of 200 µmol m-2 s-1 for another 5 days. 

Presented are the OD750 and cell number (A), the 1,2-propanediol and glycogen concentrations in mM carbon and mM labeled 

carbon (C, E), as well as the respective production rates for 1,2-propanediol and glycogen, again divided into overall production 

and production from labeled carbon atoms (D, F). Important concentrations are summarized in Table 3-8. 



Chapter 3 

70 

During the initial growth phase under labeled CO2, no significant differences between the culti-

vations could be observed, as expected. The cultures reached a maximal optical density of 12 

after 8 days of growth and produced 18.1 mMC entirely labeled glycogen with the same maximal 

rate of 9.5 mMC d-1. Notably, without light as an external energy source in the stationary phase, 

no 1,2-propanediol was formed. Nevertheless, glycogen degradation occurred with a three times 

faster rate (16.0 mMC d-1) compared to the same situation with active irradiation. Within 2 days 

only 2.5 mMC glycogen remained. After 5 days in darkness, when light was provided again, the 

glycogen pool increased from initially 1.9 to 7.5 mMC again. Only after glycogen accumulated 

again, propanediol production was observed (day 13, Figure 3-18, D, F). In the following, 

20.7 mMC almost unlabeled (< 5%) 1,2-propanediol were produced from the newly assembled 

unlabeled glycogen and CO2. 

Table 3-8: Glycogen and propanediol concentrations, as well as 13C incorporation after the growth phase, after cultivation in dark-

ness, and before and after the production phase 

 Glycogen [mMC] 1,2-propanediol [mMC] ∑ [mMC] 

 12C 13C 12C 13C 12C 13C 

day 8 0.5±0.0 17.6±1.2 0.1±0.0 0.4±0.1 0.6 18.0 

day 13 0.3±0.2 1.6±0.8 0.2±0.1 0.5±0.2 0.5 2.1 

day 14 6.7±1.3 0.8±0.2 3.4±1.0 0.9±0.3 10.1 1.7 

day 18 1.7±0.5 1.3±0.3 19.3±1.1 1.5±0.1 21.0 2.8 

Balance +1.2 -16.3 +19.2 +1.1 +20.4 -15.2 

Data derived from Figure 3-18. 

On day 14, glycogen synthesis with 5.1 mMC d-1 and 1,2-propanediol production with 

4.9 mMC d-1 were running simultaneously, which is in sum close to the 9.5 mMC d-1 that could be 

observed as maximal glycogen formation rate on day 7 when cell division already ceased. With 

the product formation and glycogen accumulation taking place simultaneously and the now un-

labeled glycogen pool, no prediction of the carbon flux through the glycogen pool into the prod-

uct was possible. However, it became evident that both glycogen and external light energy are 

crucial for propanediol production. 
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3.5 Establishing photoautotrophic 1,2-propanediol production on the 2-3 L scale 

As discussed already in the introduction (chapter 1.3.3), different reactor setups have been de-

veloped for the unique requirements of photoautotrophic biocatalysts. For the here conducted 

initial experiments, stirred-tank-photo-bioreactors (STPBR) and flatpanel-airlift-photobioreactors 

(FPBR) were used, and their efficiency regarding 1,2-propanediol production was compared (Fig-

ure 3-19). 

 

 

Figure 3-19: Stirred tank photobioreactor (STPBR) and flat-panel airlift photobioreactor (FPBR)  

3 L stirred tank photobioreactor (STPBR, INFORS Labfors 5 LUX) (A) and 2 L flatpanel airlift photobioreactor (FPBR, INFORS Labfors 

5 LUX) with 20 mm wide culture vessel (B), both equipped with Hamilton pO2 and pH probes and BlueSens BlueInOne off-gas 

analytics for the measurement of the CO2 and O2 concentrations. Aeration with either pressurized air (PA) or synthetic air (SA) 

enriched with 2% CO2 and controlled by respective thermal mass flow controllers (red-y, Vögtlin instruments). A controllable LED 

panel provides illumination. 

First, the process was transferred to a 3 L benchtop stirred tank photobioreactor (STPBR) 

equipped with a small heating jacket (Figure 3-19, A) and surrounded by a cylindrical jacket of 

white light LEDs supplying light. Mixing was realized with a propeller stirrer set to 300 rpm to 

prevent excessive shear forces. The Synechocystis PG preculture was grown in shaking flasks as 

described before and used at an OD of 6 to inoculate 2 L YBG11 to a starting OD of 0.2. The reac-

tor was aerated at 1vvm with 2% carbon dioxide-enriched air. The pH was not actively controlled 

and increased from 7.2 to 7.4 during the cultivation. This is in accordance with the pH increase 

detected during shaking flask cultivation (data not shown). 
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Figure 3-20: Growth, glycogen, and 1,2-propanediol production of Synechocystis PG in a STPBR 

Growth of Synechocystis PG, classification into growth phases (A) as well as 1,2-propanediol and glycogen concentrations (B). In 

addition, the corresponding rates were calculated (C). Cultivation in a 3L INFORS Labfors 5 LUX stirred tank photobioreactor in 2L 

YBG11 (pH 7.2, 50 mM HEPES) at 30°C, 1 vvm enriched with 2% CO2, and under increasing PAR (25-200 µmol m-2 s-1, see Panel 

(A)). Presented are the OD750, cell number, and the cellular volume of the cultures (A), 1,2-propanediol and glycogen concentra-

tions in mMC (B), and finally the corresponding rates in mMC d-1 (C). 

During the first 5 days, the cells grew exponentially with a growth rate of 0.018±0.001 h-1 to an 

optical density of 5. Afterwards, a light-limited linear growth phase with a rate of 0.074±0.002 h-1 

could be observed for additional 4 days. After in total 10 days, the maximal optical density of 12 

and the maximal cell concentration of 2.6x108 mL-1 was reached and the culture entered the sta-

tionary phase (Figure 3-20, A). A maximal glycogen concentration of 21.5 mMC was achieved. In 

comparison to the experiments in shaking flasks, the achieved glycogen concentration was al-

most 25% higher. Surprisingly, the glycogen was not utilized for propanediol production. A signif-

icant turnover of the glycogen pool in the stationary phase was not observed. Nevertheless, 1,2-

propanediol was produced with a rate of maximal 2.0 mMC d-1. The final titer was 11.5 mMC 

(Figure 3-20 (B, C)). The rate and the titer were three times lower in comparison to the experi-

ments in shaking flasks. 
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Figure 3-21: Growth, glycogen, and 1,2-propanediol production of Synechocystis PG and wild-type in a FPBR 

Growth of Synechocystis wild-type (A) and recombinant PG strain (B), as well as 1,2-propanediol and glycogen concentrations (C, 

D). In addition, the corresponding rates were calculated (E, F). Cultivation in two 2 L INFORS Labfors 5 LUX flatpanel airlift photo-

bioreactors in YBG11 (pH 7.2, 50 mM HEPES) at 30°C, 0.5 vvm enriched with 2% CO2, and under increasing PAR (25-

150 µmol m-2 s-1, see Panel (A)). Presented are the OD750, cell number, and the cellular volume of the cultures (A, B), 1,2-

propanediol and glycogen concentrations in mMC (C, D), and finally the corresponding rates in mMC d-1 (E, F). 

Afterwards, two benchtop flatpanel airlift photobioreactors equipped with LED panels were 

inoculated, one with Synechocystis wild type, one with Synechocystis PG. Cells were grown in a 

batch cultivation under increasing light intensity (25-150 µmol m-2 s-1) to an optical density of 

11.2 for the wild-type and 12.0 for the PG strain. In the stationary phase, the PAR was kept con-
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stant at 150 µmol m-2 s-1 (Figure 3-21, A, B). Due to technical limitations at that time point the 

PAR could not be increased further to 200 µmol m-2 s-1. 

At the end of the growth phase, a cell concentration of 2.6x108 mL-1 was measured for the wild-

type and 2.9x108 mL-1 for the recombinant strain, respectively. Exponential growth rates of 0.029 

and 0.026 h-1 for the wild-type and the recombinant strain were measured. The increase in opti-

cal density during the linear growth phase was 0.10 and 0.09 h-1, respectively (Table 3-9). The 

difference of the linear growth rate in comparison to the shaking flasks, where a linear growth 

rate of 0.18 h-1 was measured could be due to the exponential stepless increase in light intensity 

instead of the stepwise increasing light intensity in the flask incubators. 

Table 3-9: Maximal exponential and linear growth rates, as well as maximal cell concentration and 

optical density during initial FPBR cultivation of Synechocystis WT and PG 

Synechocystis 

strain 

µ 

[h-1
 , ±0.001] 

rL  

[h-1
 , ±0.003] 

ccell # 

[108 ml-1 , ±0.1] 

OD750,max 

[/] 

WT 0.029 0.10 2.58 11.2 

PG 0.026 0.09 2.88 12.0 

Data derived from Figure 3-21. 

Both strains produced glycogen during the linear and late growth phase. The maximal concentra-

tion in the wild-type was 35% higher in comparison to the PG strain, with 19 to 14 mMC, respec-

tively (Table 3-10). Afterward, the glycogen was degraded in both cultures. This represents a 

significant difference to the observations made in shaking flasks. Here, the glycogen concentra-

tion in the wild-type culture remained stable for 3 days. During this time the glycogen in the re-

combinant PG strain was completely consumed. During the 6 days of glycogen consumption in 

the FPBR, the PG strain produced 16.2 mMC propanediol with a maximal rate of 4.3 mMC d-1, 

which is approximately 75% of the propanediol concentration reached in shaking flask under 

comparable light conditions (21 mMC). The accumulated glycogen concentration at the transition 

from the growth to the stationary phase was not influenced by the lower light intensity of 

150 µmol m-2 s-1. The wild-type and the PG strain produced glycogen amounts that were compa-

rable to what was observed in the shaking flask experiments. However, the final light intensity in 

the bioreactor was 50 µmol m-2 s-1 lower as in the respective shaking flask cultivations, which 

might have influenced the propanediol production in the stationary phase. The growth curves of 

the bioreactor cultivations are comparable to the ones measured in shaking flasks, only the lag 

phase was longer in the FPBR’s (Figure 3-21, A, B). 
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Table 3-10: Maximal Glycogen and propanediol concentrations, as well as production and turnover 

rates measured during FPBR cultivation of Synechocystis WT and PG 

Synechocystis 

strain 

cPDO,max  

[mMC , ±0.8] 

rPDO,max  

[mMC d-1, ±1.6] 

cGly,max  

[mMC ,±1.5] 

rGly,max  

[mMC d-1, ±3.0] 

WT / / 19.0 -4.8 

PG 16.2 4.3 14.0 -3.1 

Data derived from Figure 3-21. 

The cultivation of both Synechocystis strains could be transferred to the 2-3 L scale in benchtop 

bioreactors. Due to the improved provision of light in the FPBRs and the better comparability to 

the shaking flask experiments, further bioreactor cultivations were carried out in FPBRs. CO2 up-

take and O2 evolution could not be quantified due to variations in the composition of the pres-

surized air (PA) during these experiments. For a carbon balance and reliable oxygen evolution 

measurements, synthetic air with a constant composition and without CO2 is essential. 

Closing the carbon balance for Synechocystis wild-type and PG 

The previous experiment was repeated with synthetic air (SA) enriched with 2% CO2. Synthetic 

air does not contain carbon dioxide and is therefore suited for precise balancing of carbon in the 

bioreactor. Additionally, the oxygen evolution of the culture can be quantified as a measure for 

the activity of the water-splitting reaction. The light intensity was increased up to 

250 µmol m-2 s-1 in this experiment. The growth phases were influenced by the increased availa-

bility of light (Figure 3-22, A, B). The exponential growth phase was prolonged by 1.5 days up to 

an optical density of more than 5, whereas the optical density achieved previously was below 4.  

Table 3-11: Maximal exponential and linear growth rates, as well as maximal cell concentration and 

optical density during FPBR cultivation of Synechocystis WT and PG 

Synechocystis 

strain 

µ 

[h-1
 , ±0.001] 

rL  

[h-1
 , ±0.002] 

ccell # 

[108 ml-1 , ±0.1] 

OD750,max 

[/] 

WT 0.026 0.12 2.71 12.1 

PG 0.025 0.12 3.25 12.0 

Data derived from Figure 3-22. 

The exponential growth rates of 0.026 h-1 for the wild-type and 0.025 h-1 for the PG strain were 

comparable to the growth rates observed in the previous reactor runs (Table 3-11), whereas the 

linear growth rates were increased from 0.09 in the previous runs to 0.12 h-1 for both strains due 
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to the increased PAR. A late growth phase as it was observed in previous experiments with shak-

ing flasks could not be observed. 

 

Figure 3-22: Carbon uptake during batch experiments in flat panel airlift bioreactors with Synechocystis PG in comparison to the 

wild-type strain 

Growth of Synechocystis wild-type (A) and recombinant PG strain (B), as well as the carbon concentration taken up by the biore-

actors in comparison to the accumulated amounts of carbon in the biomass, in 1,2-propanediol, and in the glycogen pool (C, D). 

In addition, the corresponding rates and the oxygen evolution were calculated (E, F). Cultivation in two 2L INFORS Labfors 5 LUX 

flatpanel airlift photobioreactors in YBG11 (pH 7.2, 50 mM HEPES) at 30°C, 0.5 vvm enriched with 2% CO2, and under increasing 

PAR (25-250 µmol m-2 s-1, see Panel (A)). Presented are the OD750, cell number, and the cellular volume of the cultures (A,B), the 

absorbed carbon, biomass, 1,2-propanediol, and glycogen concentrations in mMC (C,D), and finally the corresponding rates in 

mMC d-1, as well as the oxygen evolution in g L-1 d-1 (E,F). 
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In addition to the OD750 and the cell number, also the carbon content accumulated in the bio-

mass was determined. Therefore, cell dry weight measurements were conducted. For the calcu-

lation of mMC contained in the biomass, an overall carbon content of 51.4% was assumed 

(Shastri and Morgan, 2005). However, the elemental biomass composition is depending on 

growth conditions. For example, glycogen contains 40% carbon, whereas PHB contains 55%, and 

proteins have a carbon content of approximately 47%. If the amount and distribution of intracel-

lular storage compounds changes, the carbon content of the biomass will be influenced as well. 

Measurements of the carbon content of Synechocystis biomass grown under various light inten-

sities and CO2 concentrations resulted in an average carbon content of 49±2% (Marcel Grund, 

personal communication), which is in good accordance to literature. 

Table 3-12: Carbon concentrations stored in biomass, glycogen, and propanediol in comparison to the amount of carbon 

taken up by the bioreactor at the beginning (day 8) and the end of the production phase (day 15) 

strain day CO2 

[mMC] 

Biomass 

[mMC] 

Glycogen 

[mMC] 

Propanediol 

[mMC] 

sum 

[mMC, %] 

WT 8 -71.7 72.7 (20.0) 0.0 1.0 (1.4%) 

PG 8 -77.8 79.1 (24.4) 0.9 2.2 (2.8%) 

WT 15 -62.8 55.1 (9.8) 0.0 -7.7 (12.3%) 

PG 15 -70.6 53.1 (1.1) 17.4 -0.1 (0.1%) 

Data derived from Figure 3-22. Glycogen (in brackets) is part of the biomass and is therefore not considered for the 

overall carbon balance. 

The wild-type biomass increased to 72 mMC (1.70±0.05 g L-1) during the growth phase and de-

clined afterward to 55 mMC
 (1.29±0.05 g L-1, Table 3-12). Part of the biomass is the storage com-

pound glycogen which increased to 20 mMC (0.60±0.05 g L-1) during the linear growth phase and 

afterwards decreased to 10 mMC (0.29±0.05 g L-1) after 5 days of stationary phase. The decrease 

in CDW of 0.41±0.05 g L-1 is partly explained by the simultaneous turnover of 0.31 g L-1 glycogen. 

At the end of the cultivation, the glycogen concentration remained stable at 10 mMC. 

In comparison to the wild-type, the carbon content in the PG strains biomass increased to 

80 mMC (1.85±0.05 g L-1) and decreased to 53 mMC (1.24±0.05 g L-1) again. The maximal glyco-

gen concentration reached 24 mMC
 (0.73±0.05 g L-1), which were completely consumed at the 

end of the cultivation (Table 3-12). The PG strain loses 0.61±0.05 g L-1 CDW, while it is cataboliz-

ing 0.70 g L-1 glycogen. While utilizing glycogen, the recombinant strain secreted 17.4 mMC pro-

panediol.  
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The overall carbon uptake of the bioreactor was determined by in- and off-gas analytics. Overall, 

the general carbon recovery rate is satisfying for the Synechocystis PG cultivation (Table 3-12), 

whereas for the wild-type strain 7.7 mMC are missing after the stationary phase. Most probably 

the wild-type strain produces additional fermentation products that were not identified. 

After 8 days of growth, the highest CO2 uptake of the bioreactor was reached with 71.7 mMC for 

the wild-type and 77.8 mMC for the PG strain respectively (Table 3-12). During the following sta-

tionary phase, CO2 was released from the reactor leading to a decreased overall carbon uptake 

of 62.8 and 70.6 mMC at the end of the experiment. 

Table 3-13: Maximal Glycogen and propanediol concentrations, as well as production and turnover rates 

measured during FPBR cultivation of Synechocystis WT and PG 

Synechocystis 

strain 

cPDO,max  

[mMC , ±0.8] 

rPDO,max  

[mMC d-1, ±1.6] 

cGly,max  

[mMC ,±3] 

rGly,max  

[mMC d-1, ±3.0] 

WT / / 20.4 -4.3 

PG 17.4 5.2 24.4 -6.5 

Data derived from Figure 3-22. 

The oxygen evolution rate (Figure 3-22, E, F) increased with increasing biomass and PAR. The 

peak evolution rates of 1000 mg L-1 d-1 for the wild-type and 750 mg L-1 d-1 for the PG strain were 

measured after 6.4 and 6.7 days, respectively, when the maximal light intensity was reached. 

In conclusion, a carbon balance for the recombinant strain Synechocystis PG could be estab-

lished, whereas for the wild-type strain an additional unknown carbon sink could not be identi-

fied. However, the 1,2-propanediol titers during the bioreactor experiments remained lower 

than in shaking flask cultivations.  

Continuous production of 1,2-propanediol in bioreactor scale 

In all previous experiments, 1,2-propanediol production was restricted to the late and stationary 

growth phase and limited to a production window of maximal 6 days. Thereby also the maximally 

achievable propanediol titer is limited, despite the reasonable production rates. To improve the 

final 1,2-propanediol titer, it is necessary to either stabilize the 1,2-propanediol production, so 

that it can be produced continuously or to produce 1,2-propanediol repeatedly in a kind of fed-

batch process. In this process, glycogen would be alternatingly produced and consumed to pro-

duce 1,2-propanediol repeatedly and thereby increase the final product titer. Therefore, possible 

strategies for the continuous production of 1,2-propanediol were evaluated in the following 
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experiments, starting with continuous cultivation of Synechocystis PG in a FPBR. There are two 

major strategies to control a continuous bioreactor process, the turbidostat and the chemostat 

cultivation. In a turbidostat, the turbidity as a measure for the biomass concentration is analyzed 

and the feed is controlled to keep the biomass concentration constant. The FPBR setup applied 

in this study allows the measurement of the incident light intensity and the light intensity passed 

through the cultivation vessel. The PAR that passed through the culture can be used to keep the 

biomass concentration constant by altering the feed rate. However, for this application, a high 

biomass concentration is desired, in order to maximize propanediol production rates. At high 

biomass concentrations and irradiations that do not cause stress to the cells, there is no light 

passing through the culture anymore. Therefore at high cell densities, there is no online meas-

ured parameter available to control the biomass concentration. In any case, previous experi-

ments showed that limited growth and a phosphate limitation are beneficial for glycerol and 1,2-

propanediol production. Also, phosphate is the limiting nutrient in BG11 medium. Therefore, if a 

constant flow rate is applied, the biomass concentration is controlled by the phosphate 

concentration in the feed solution, as long as the dilution rate is below the maximal possible 

growth rate under these conditions. The resulting chemostat should allow propanediol 

production while controlling growth via phosphate availability. The Synechocystis PG culture was 

grown exponentially with a growth rate of 0.031±0.001 h-1 to an optical density of approximate-

ly 3, followed by a linear growth phase with a growth rate of 0.084±0.001 to an OD750 of 8. At 

this optical density, initial experiments with turbidostat cultivation in the linear growth phase at 

a high dilution rate and with cultivation under dark conditions were performed.  

 

Figure 3-23: Initial growth of Synechocystis PG in a FPBR 

OD750, growth phases, and light intensity during cultivation in a 

1.8 L INFORS Labfors 5 LUX flatpanel airlift photobioreactor in 

YBG11 (pH 7.2, 50 mM HEPES) at 30°C, 0.5 vvm enriched with 

2% CO2, and under increasing PAR (25-200 µmol m-2 s-1). 

 

Neither did the strain produce propanediol when continuously kept in the linear growth phase, 

nor did a dark phase without growth induce propanediol formation (data not shown). However, 

the optical density decreased, and the cells were grown to an optical density of approximately 
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10 were the same tests were repeated (Figure 3-23). Again, no propanediol formation could be 

observed (data not shown). However, propanediol formation was observed when the cells were 

grown to an OD of 12.3±0.2 and kept at the early transition from the linear to the late growth 

phase. Therefore, the dilution rate was set constant to 0.01 h-1 (0.32 mL min-1 / 1.8 L reactor vol-

ume), and growth was limited by nutrient allocation in the medium. At this point with a resi-

dence time of almost 4 days, a constant propanediol concentration of 1.07±0.05 mMC was 

measured (Figure 3-24, C) with a rate of 0.27±0.01 mMC d-1. Also, the glycogen concentration 

was stable at 11.6±0.2 mMC. As a consequence, glycogen was produced with a rate of 

3.0±0.1 mMC d-1. The overall biomass formation rate was 18.5±0.3 mMC d-1, which in addition to 

the 1.07 mMC d-1 propanediol produced is close to the overall carbon uptake of approximately 

20.0±0.5 mMC d-1. 

 

Figure 3-24: Continuous cultivation of Synechocystis PG in a FPBR 

(A) Biomass, (B) glycogen, and 1,2-propanediol production, (D) CO2 uptake and O2 evolution during continuous cultivation of 

Synechocystis PG. (B) Overview showing the complete cultivation process, with the continuous cultivation phase indicated by the 

white background. Cultivation in a 1.8L INFORS Labfors 5 LUX flatpanel airlift photobioreactor under a dilution rate of 0.01 h-1 

with YBG11 (pH 7.2, 50 mM HEPES) at 30°C, 0.5 vvm enriched with 2% CO2, and under continuous illumination with 

200 µmol m-2 s-1 

Propanediol could be successfully produced in a continuous setup, but with a low titer and pro-

duction rate. The glycogen was not entirely consumed anymore but was constantly released 



Results 

81 

from the reactor, which is not beneficial for 1,2-propanediol production. For time reasons, the 

influence of different dilution rates on the glycogen utilization and propanediol production could 

not be investigated anymore. Nevertheless, an even lower dilution rate might increase glycogen 

utilization and 1,2-propanediol production, while preventing excessive biomass formation. This 

could be one of the starting points for further investigations. 

Propanediol production under dark oxic and anoxic conditions 

Previous experiments conducted in shaking flasks proved that propanediol production under 

standard cultivation conditions depends on the availability of light (Chapter 3.4). Recent studies 

with different recombinant Synechocystis based production strains showed the formation of 

fermentation products under dark conditions in the absence of oxygen (Hasunuma et al., 2016; 

Kusakabe et al., 2013).  

 

Figure 3-25: Cultivation of Synechocystis PG under dark oxic (1) and dark anoxic (2) conditions 

(A) Biomass, (B) glycogen, and 1,2-propanediol production, (D) CO2 uptake and O2 evolution during cultivation of Synechocystis 

PG under dark and dark anoxic conditions. (B) Overview showing the complete cultivation process, with the dark oxic (1) and dark 

anoxic (2) cultivation phase indicated by the white background. Cultivation in a 1.8L INFORS Labfors 5 LUX flatpanel airlift photo-

bioreactor in YBG11 (pH 7.2, 50 mM HEPES) at 30°C, 0.5 vvm air or nitrogen, enriched with 2% CO2, and under continuous illumi-

nation with 200 µmol m-2 s-1 
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A study concerning the metabolome during dark anaerobic cultivations revealed increased intra-

cellular metabolite concentrations of DHAP (Hasunuma et al., 2016), which is the precursor for 

the propanediol pathway. To investigate the influence of dark anoxic conditions on the 1,2-

propanediol formation, Synechocystis PG was grown continuously in a FPBR as described in the 

previous section. Then the culture was cultivated for 2 days under dark oxic conditions (Figure 

3-25 (1)) and after an illuminated recovery phase under dark anoxic conditions (Figure 3-25 (2)). 

During these times, no dilution of the culture took place. With the transfer to dark conditions, 

the glycogen concentration declined by 60% from 11.5 to 4.5 mMC within 16 hours (Figure 3-25 

(C,1)). The remaining 4.5 mMC were not degraded any further during the dark period. As 

expected from the experiments in shaking flasks, this decrease in glycogen was not accompanied 

by propanediol formation. Instead, the glycogen was almost completely oxidized to CO2. During 

the dark period, 4.5 mM carbon dioxide were released, the rate mirroring the glycogen con-

sumption rate. Due to the absence of light, oxygen evolution could not be observed. Instead, 

oxygen was consumed due to the glycogen oxidation. After 48 hours, illumination 

(200 µmol m-2 s-1) and dilution were re-established. Within 12 h, the initial glycogen pool of 

11.5 mMC was restored. This was again reflected in the carbon uptake rate, which was initially 

higher. Later on, the carbon uptake stabilized at the same rate observed initially during the con-

tinuous cultivation. In addition, the increased energy demand was mirrored by an enhanced oxy-

gen evolution between days 24 to 25 (Figure 3-25 (D,1)). 

When the continuous culture stabilized again, the next condition was tested. In addition to culti-

vation under dark conditions, this time the aeration of the bioreactor was switched from syn-

thetic air to nitrogen. Without oxygen evolution, the culture quickly became anaerobic (Figure 

3-25 (D,2)). In contrast to the previous condition in the presence of oxygen, this time the glyco-

gen was utilized slower with a maximal rate of approximately 3.8 in comparison to 8.9 mMC d-1
 

under dark conditions only. Nevertheless, no propanediol formation could be observed. Instead 

an accumulation of 1.25 mMC acetate was detected (data not shown). Acetate formation under 

dark anoxic conditions was already previously observed (Angermayr et al., 2016b). It was 

assumed that the degradation of glycogen to acetate is covering the maintenance needs during 

the dark period. Here, we measured accumulation of 1.25 mMC, while the glycogen pool de-

creased by 3.0 mMC. Additional fermentation products were not detected. 

Finally, despite the reported changes in metabolome and proteome during dark anoxic cultiva-

tion, propanediol production could not be induced.  
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3.6 Cyanobacterial biofilm characterization 

In all experiments conducted so far, most of the activated carbon was used for biomass for-

mation. The same is true for nearly all heterologous chemicals produced with cyanobacteria up 

to now, including bioethanol production (Figure 1-3, and Table 1-1). The yield of 1,2-propanediol 

from carbon dioxide (YP/S) is only 0.25 molC molC-1, whereas the yield of biomass from CO2 (YX/S) is 

about 0.75 molC molC-1. For 1 g of product, more than 2 g of biomass were produced. High cell 

densities of active biocatalysts are necessary to improve the volumetric production rate. This 

catalyst has to be regenerated and maintained. However, a continuously increasing amount of 

biocatalyst may not directly improve photoautotrophic fermentation processes. Instead, exces-

sive biomass formation can lead to the fast depletion of nutrients and, more important, to light 

and or CO2 limitation, leading to non-optimal production conditions. Therefore, a high biomass 

concentration is difficult to achieve in planktonically growing photoautotrophic cultures. The 

amount of catalyst applied is a tradeoff between volumetric production rate and process condi-

tions. As long as the carbon flow cannot controlled and shifted from biomass to product for-

mation, the production rates and titer will remain limited. Therefore, a strategy where growth 

can be controlled needs to be applied, were the biocatalyst is retained, and were the capacity for 

carbon fixation can be used for biocatalysis. One approach to achieve this is the cultivation of the 

whole cell biocatalyst as a self-immobilized and self-sustained biofilm. Cyanobacteria can be 

found in nature as part of a microbial mat, a multilayer, multispecies biofilm. Here, they live in 

symbiosis with different microorganisms. Studies regarding the biofilm formation of monoseptic 

cyanobacterial cultures are limited (chapter 1.3.4).  

Robust biofilm formation with Synechocystis sp. PCC 6803 

As part of this study, the capability of the two cyanobacterial model strains Synechocystis and 

Synechococcus for biofilm formation was investigated. Therefore, both strains were grown in a 

glass capillary flow-through reactor system (Figure 2-2, Materials and Methods, Chapter 2.5). 

Initial cell attachment and subsequent biofilm growth were visualized by confocal laser scanning 

microscopy (CLSM), based on the autofluorescence of chlorophyll A, phycocyanin, and carote-

noids (Materials & Methods, Chapter 2.14). Under the conditions applied, Synechococcus did not 

attach to the glass substratum. A reason why cell attachment and biofilm formation with this 

strain was not possible may be a mechanism for self-suppression of biofilm formation induced by 
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a self- produced extracellular compound, as reported recently (Schatz et al., 2013). In contrast to 

that, initial cell attachment of Synechocystis to the glass surface of the flow cell reactor took 

place within 4 h. Since Synechocystis showed strong biofilm formation, biofilm growth and mor-

phology were characterized under different hydrodynamic conditions. 

 

Figure 3-26: Glass capillary flow-through reactor system under single phase and segmented flow 

Schematic representation of the glass capillary flow-through reactor system (capillary length 80 mm) operated in single-phase 

flow (A) and segmented flow mode (B). Light is absorbed and scattered on its way through the individual biofilm layers, whereas 

CO2 is consumed by the cells resulting in a CO2 gradient. O2 produced by photosynthesis is leaving the system via the bulk phase. 

Uncontrolled heterogeneous single species biofilm formation under single phase flow 

No-flow, batch incubation in the tube allowed sufficient initial cell attachment overnight. Then, 

at an applied flow rate of 50 µL min−1 (0.7 cm min−1), exponential growth was observed during 

the first 72 h of the experiment at a growth rate of 0.045 h−1, calculated based on the increase in 

overall biofilm volume. A gradient in biofilm thickness towards a thinner film at the outflow was 

observed over the reactor length. Most probably this was due to carbon dioxide depletion at this 

low flow rate. Synechocystis formed a very heterogeneous patchy biofilm under these condi-

tions, with a porous structure interconnected by channels and elongated streamers. Overall, this 

resulted in a high surface ratio of 5.5 µm2 µm−2, and an inhomogeneous thickness and light dis-

tribution (Figure 3-29 (A), Figure 3-26, (A) and Figure 3-27 (B, single phase)). After 7 days, the 

flow rate was increased to 100 µL min−1 (1.4 cm min−1), preventing CO2 limitation. To exclude an 

influence of the carbon dioxide limitation at the beginning of the experiment on the overall 

development of the biofilm structure, the experiment was repeated with an initial flux of 100 µL 

min−1 (1.4 cm min−1). The same heterogeneous biofilm structure described before was observed. 

After 14 days of constant flow, the capillary started to clog and as a result the system pressure 
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loss increased, and a constant flow could not be maintained anymore. At this time point the bio-

film was in large parts still permeable to light (Figure 3-27 (B, single phase, day 11), but could not 

be supplied with CO2 any longer. During the cultivation loss of filamentous biofilm parts due to 

sloughing events could be observed (Figure 3-27 (C, single phase)). 

Segmented flow shapes and stabilizes single species biofilm development 

The capillary plug flow reactor was inoculated with Synechocystis. The system was left idle over-

night for initial cell attachment followed by 2 days of single-phase flow (100 µL min−1, 1.4 cm 

min−1). Afterwards, air segments were introduced as described in the method section 

(50 µLair min−1 / 50 µLmedium min−1, 1.4 cm min−1).  

 

Figure 3-27: Cultivation of Synechocystis in a glass capillary flow-through reactor system 

(A) Overview showing the glass capillary flow-through reactor system placed under the CLSM (B) Synechocystis biofilm develop-

ment under single phase and segmented flow and the respective collected flow through (C). 
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In addition to the frictional forces caused by the moving liquid phase, additional forces were 

generated by the moving interphase separating medium and air. The surface tension of water, 

which allows the water skimmer to walk on water, effects cell attachment and shapes the biofilm 

structure. Typically, the water surface is flat with a minimized surface area. In this case, however, 

the surface is bent, because the adhesion of the water molecules to the glass surface of the ca-

pillary is stronger than the cohesion between individual water molecules. While passing a mov-

ing interphase, shear and surface tension forces act on small solid particles (< 500 µm)(Aramrak 

et al., 2011). A schematic representation of the acting forces in such a segmented flow system is 

presented in Figure 3-28.  

 

Figure 3-28: Forces acting on single cells and 

biofilm structures under segmented flow 

(A) Shear force generated through the liquid 

film between glass surface and air bubble 

under segmented flow (B) Surface tension 

(interfacial) force generated by the moving 

air water interphase. Filamentous (C) and 

thin compact (D) biofilm structures under 

segmented flow. 

In comparison to these, the gravity and buoyancy forces become negligible (Aramrak et al., 

2011). Shear and surface tension forces have been intensively studied while investigating and 

applying the “Lotus Effect” for dust removal in industrial applications (Quan et al., 2016). The 

shear force FS and the surface tension force Fγ can be calculated by equations (11) and (12), 

where µ is the dynamic viscosity of the liquid, γ is the surface tension, H is the film thickness 

between air and glass substratum (Figure 3-28 (A)), DH the hydraulic diameter, RP the particle 

radius, ϕ and θ are the filling angle and the contact angle (Figure 3-28 (B)), and v is the overall 

flow velocity. 

(11) 𝐹𝑆 = 1.7(6𝜋)𝜇𝑣 (𝐻2 ) 𝑣 (Aramrak et al., 2011) 

(12) 𝐹𝛾 = 2𝜋𝑅𝑝𝛾𝑠𝑖𝑛𝜙𝑠𝑖𝑛(𝜃 − 𝜙) (Aramrak et al., 2011) 
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(13) 
H𝐷𝐻 = 0.643 (3𝜇𝑣𝑣𝛾 )0.67

 
(Bretherton, 1961) 

(14) 𝐹𝑑 = 6𝜋𝑣𝜇𝑅𝑃𝑣 (Stokes law) 

Table 3-14: Parameters for the calculation of shear and interfacial forces 

Parameter    

radius of the particle RP 1.25 – 2 µm 

surface tension of water 𝛾 0.072 N m-1 

dynamic viscosity of water μv 8,01E-04 Pa s 

water film thickness H 0.9 µm 

flow velocity v 14 mm min-1 

hydraulic diameter DH 2.78 mm 

filling angle and contact angle 𝑠𝑖𝑛𝜙𝑠𝑖𝑛(𝜃 − 𝜙) 0.1 - 1  

This theory was transferred from solid particles with a diameter of 0.5 to 1 µm to bacterial cells 

(Boks et al., 2008; Karande et al., 2014) to estimat forces generated by passing air-liquid inter-

faces on single cells attached to a substratum and biofilm structures. Karande and coworkers 

estimated the shear and interfacial forces on the biofilm and compared it to attachment forces 

published for different cell types and biofilms. Whereas up to now published cell attachment 

forces of bacteria to a glass surface are in the range of 10-12 N (pN), biofilm attachment forces 

can be in the range of pN and higher (Boks et al., 2008).  

According to the work of Karande et al. (Karande et al., 2014), the forces acting on a Synecho-

cystis biofilm were calculated. The used parameters are given in Table 3-14. A water film thick-

ness between glass capillary and air bubbles of 0.9 µm was estimated based on equation (13). 

With a cell diameter in between 2.5 to 4 µm, only the lower third of single cells attached to the 

glass substratum are subject to shear forces during the passage of air segments, whereas the 

rest is subject to interfacial forces. The air segments generated shear forces of approximately 2 

pN, but interfacial forces between 0.15 and 1.5 µN. The frictional forces under laminar single 

phase flow can be calculated to approximately 10 pN by Stokes law (Equation (14)). Overall, the 

interfacial forces generated by segmented flow are orders of magnitude higher than the friction-

al forces acting on the biofilm under single-phase flow. Surprisingly, the interfacial forces did not 

result in significant detachment processes as observed for Pseudomonas under segmented flow 
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(Karande et al., 2014). In fact, no wash out of cells could be detected throughout the experi-

ment. The attachment forces of the cells to the substratum are possibly much higher for Syn-

echocystis compared to the heterotrophic Pseudomonas strain reported earlier. There, the 

interfacial forces generated by the segmented type of flow were strong enough to detach all 

cells from their growth surface almost completely. Cell attachment forces are depending on cell 

surface properties, EPS composition and excretion, and on the surrounding biofilm structure. 

With sufficient surface coverage and EPS production, the cells are not easily accessible to inter-

facial forces anymore (Figure 3-28, D). 

 

Figure 3-29: 3D reconstruction of CLSM pictures taken during Synechocystis biofilm development 

Representative images showing the differences in development of Synechocystis biofilms grown under single-phase flow (A) and 

segmented flow (B). The illustrations are 3D-reconstructions of the biofilm generated from CLSM data by IMARIS. The top views 

on the biofilm surface, as well as cross sections of the biofilm, are included. The first pictures were taken directly after starting 

the flow. In the case of segmented flow, the biofilm thickness at day 6 and 14 exceeded already the penetration capacity of the 

applied LSM technique 

During the first 72 h of this experiment, a growth rate of 0.045 h−1 was determined for Synecho-

cystis, which is comparable to the growth rates without segmented flow described above. How-

ever, segmented flow changed the biofilm structure dramatically. If the CO2 availability had any 

impact regarding the change in biofilm structure remains to be elucidated. There are no indica-

tions for a CO2 limitation in either system (single (100 µL min−1)/ two-phase flow), as for both 
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equal biofilm thicknesses from the beginning to the end of the plug flow reactor were deter-

mined, pointing toward a sufficient supply of this substrate. During the first 14 days of the exper-

iment, a homogenous, dense biofilm layer developed (Figure 3-29, B). The autofluorescence 

intensity, used for quantification of biomass development, is significantly higher compared to 

the biofilm grown under single-phase flow. The signal intensity determined from the biofilm was 

depending on cell density and pigment concentration within the cells. Especially the latter is sub-

ject to changes due to adaptation to different light conditions and is influenced by laser irradia-

tion of the CLSM. Nevertheless, this signal may be used for a qualitative assessment of the 

biofilm biomass. At some point of growth, the biofilm thickness and the density of the mature 

biofilm grown under segmented flow exceeded the penetration capacity of the CLSM system, 

and the biofilm thickness could no longer be determined (Figure 3-29, B, days 6 and 14). 

However, it was possible to characterize the further development of the biofilm by eye (Figure 

3-27, B, segmented flow). Within 2 weeks, the biofilm grown in the capillary appeared nearly 

black. In contrast to the non-segmented aqueous microreactor described above, the biofilm re-

actor could be continuously operated for 5 weeks further before it was actively terminated. 

There was neither an indication that the biomass increased further during this period, nor were 

any cells detectable in the flow through. The cultivation in segmented flow capillary biofilm reac-

tors can achieve controlled biofilm growth and can even prevent excess biomass formation, 

which keeps the process controllable. 

Key parameters affecting Synechocystis biofilm development 

Critical parameters for biocatalytic and biotechnological applications of cyanobacterial biofilms 

are the distribution of light and the diffusional limitations of carbon dioxide and oxygen within 

the biofilm. In the case of heterotrophic biofilms, the efficient supply of nutrients is a matter of 

diffusion, in most cases directly from the aqueous bulk phase. In contrast, light availability, es-

sential for the growth of phototrophic biofilms, is determined via light absorption and scattering 

within the biofilm.  

The light attenuation caused by absorption can be calculated by Lambert-Beers law (Equation 

(15)), where I is the light intensity inside the biofilm at the position z, αx is the biomass specific 

light absorption coefficient, and cx the biomass concentration. Equitation (15) can be integrated 

within I0 to I and 0 to z to obtain equation (16), where I0 is the initial incident light intensity. 
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(15) 
𝑑𝐼𝑑𝑧 = −𝛼𝑥𝑐𝑥𝐼 (Lambert-Beers law) 

(16) I = 𝐼0𝑒(𝛼𝑥𝑐𝑥𝑧)
  

(17) I = 𝐼0𝑒(𝛼𝑥𝑐𝑥𝑐𝐼𝑧)
 (Blanken et al., 2016) 

(18) I = 𝐼0𝑒(𝐾0𝑧)  

The assumption that the specific absorption coefficient is constant allows the correlation of cell 

dry weight and cell concentration to the optical density and is the basis for optical density based 

growth curves. However, the optical density for Synechocystis cultures is typically measured at 

either 730 or 750 nm. High wavelengths are necessary to exclude absorption of light by chloro-

phyll a and the phycobilisome. That would influence the optical density with changing concentra-

tions of photopigments, which is the case if the overall light attenuation inside a phototrophic 

biofilm is to be calculated. In addition, the linear correlation is only given for cultures diluted to a 

low optical density. At higher optical densities, as inside a biofilm, light scattering has to be taken 

into account. Scattering of light mainly extends the distance the light has to travel through the 

biofilm, which increases the probability that the light is absorbed (Klok et al., 2013). Therefore, 

equation (16) has to be modified to account for light scattering as well. This can be realized by 

introducing an additional correction factor cI (Equation (17))(Blanken et al., 2016). The biomass 

specific light absorption coefficient, the biomass concentration and the correction factor can be 

combined to an overall light attenuation coefficient K0 (Equation (18)). K0 can be obtained from 

experimental data. However, it has to be mentioned that both light scattering and absorption 

are wavelength dependent and that therefore attenuation of light of different wavelengths will 

not be the same. In general, light scattering is increasing with decreasing wavelength. 

In natural phototrophic-heterotrophic mixed species biofilm communities, the spatial distribu-

tion of photo- and heterotrophic organisms, the attenuation of light intensity and the photosyn-

thesis rate within these microbial mats have been intensively investigated (Al-Najjar et al., 2012; 

Fenchel and Kühl, 2000; Kühl et al., 1996; Kühl and Fenchel, 2000). Depending on the densities 

of the investigated mats and the organisms contained specific light attenuation coefficients were 
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reported, which gave a basis for estimating respective values for the here cultivated Synecho-

cystis biofilms (Figure 3-30, A). Related to the observed structure of the biofilm growing in the  

microcapillaries, light attenuation coefficients between 7 and 12 mm−1 were estimated. The light 

attenuation coefficient together with the intensity of the available incident light defines the bor-

ders of growth in three-dimensional structures as biofilms. For the cyanobacterium Oscillatoria 

agardhii these limits have been closely evaluated. Below 20 µmol m−2 s−1, a significant decrease 

in the growth rate was observed, while above 150 µE m−2 s−1 light inhibition occurred (Tilzer, 

1987). In the case of Synechocystis, growth was significantly decreased at PAR below 

10 µmol m-2 s-1 (data not shown). Based on these values, a maximal thickness for Synechocystis 

biofilms cultivated under the previously described conditions has been calculated (Figure 3-30, 

A). Assuming a maximal possible light intensity of 200 µE m−2 s−1 and a light attenuation coeffi-

cient of 7 mm−1, which can be assumed for a loose biofilm, a maximal biofilm thickness of 

400 µm can be theoretically achieved. For a biofilm grown under single-phase flow conditions 

(K0 ≈ 9 mm-1), a maximal biofilm thickness of 300 µm can be theoretically achieved. The light at-

tenuation coefficient under segmented flow is significantly higher because of higher cell densi-

 

Figure 3-30: Light scattering and mass transport within the biofilm 

(A) Theoretical exponential light attenuation within a cyanobacte-

rial biofilm calculated from data published for an artificial cyano-

bacterial mat. Light attenuation coefficients between 7 and 12 

mm−1 were estimated for a loose and dense biofilm, respectively. 

The horizontal line represents the boundary of 10 µmol m−2 s−1 

where growth of Synechocystis is significantly decreased.  

 

 

(B) Schematic distribution of the main substrate carbon dioxide, 

the produced oxygen, and the photosynthetically active radiation 

(PAR) within the biofilm. 
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ties within the biofilm. The maximal biofilm thickness to be expected for a dense biofilm under 

segmented flow (K0 ≈ 12 mm-1) is 250 µm. The expected thickness under the experimental condi-

tions applied here (50 µE m−2 s−1, segmented flow) was 130 µm (Figure 3-30, A), which is far be-

yond the detection limit of the available CLSM system. 

 

Figure 3-31: High-resolution CLSM picture taken of a Synechocystis biofilm capillary cross section  

Side view of biofilm grown in a glass capillary for 5 weeks under segmented flow 

(Zeiss LSM 780, 40x LD C-Apochromat / 1.2 W, excitation: 488 and 633 nm, emission: green [500-550 nm], red [650 – 700 nm]) 
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Therefore, after 5 weeks of segmented flow biofilm development, cross sections have been pre-

pared from the capillary and were investigated by CLSM (Figure 3-31). This allowed the determi-

nation of a thickness of the initial biofilm layer of between 70 and 120 µm. Biofilms are 

heterogenic, dynamic, three-dimensional structures comprising areas with high cell densities, 

low cell densities, and channels without any cells. These differences in the composition strongly 

influence the light attenuation in the biofilm and thus the possible biofilm thickness. 

Interestingly, the biofilm cross sections were made up nearly exclusively of photosynthetically 

active cells, and only a few cells (<1 %) without photopigments could be localized, homogenously 

distributed throughout the biofilm. The anticipated limit for light availability lies within the 

measured range. Also important, the observed differences in biofilm thickness are corresponding 

to the expected variances in light attenuation within the biofilm. The negligible biomass concen-

tration in the outlet stream, in addition to the fact, that there were nearly no photosynthetically 

inactive cells detected at the inner-tube biofilm surface, led to the conclusion that there is no 

significant biomass formation within the reactor anymore. 

Theoretically, one would expect biofilm growth up to a thickness, where one of its main sub-

strates, DIC or light, becomes limiting or accumulated oxygen inhibits growth. Thus, maximal 

light and DIC penetration depth would define the borders of biofilm growth (Figure 3-30, B). This 

opens the question why further growth was not observed in these experiments. One explanation 

might be a quorum sensing signal, which prevents growth within the center of the biofilm, in the 

presence of high cell density (Ng and Bassler, 2009). Additionally, the oxygen produced within 

the biofilm might also be a reason for limited growth. A high oxygen concentration would have a 

negative impact on the carbon capture ability of the cells (Daley et al., 2012). 

Improving CLSM biofilm analytics 

The investigation of photoautotrophic biofilms by CLSM in the previously described experiments 

was limited in resolution and penetration depth. The applied capillary flow-through reactor sys-

tem (Halan et al., 2011)(Figure 3-27, A) had certain advantages. The system could be autoclaved, 

it was easy to clean and operate, and it was entirely transparent for light. Also, due to the 

rectangularly shaped capillary, it allowed the formation of the segmented flow pattern without 

the creation of dead zones (Karande et al., 2014). However, there were also significant disad-

vantages. Due to the way the glass capillaries were manufactured, it was not possible to produce 

them as precisely as it is needed for high-resolution imaging with CLSM. The minimal possible 
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glass thickness available for these capillaries was 240 µm with a variance > ±25 µm. Although the 

here applied objective could be adjusted to glass thicknesses in between 130 and 210 µm, there 

was still spherical aberration caused by the thicker and inhomogeneous glass surface. Also, the 

shape of the capillaries was problematic. The plane area of the rectangularly shaped capillary 

that was designated especially for the microscopy investigation was still slightly bent, which in-

fluenced the measurements as well. 

Alternative, commercially available setups are rare. The two contemplable setups, the FC 91 ca-

pillary flow cell from Biosurface Technologies (Biosurface Technologies Corporation, Bozeman, 

Montana, US) and the µ-Slide I Luer flow cell (ibidi GmbH, Martinsried, Germany) were tested 

but were not suited for segmented flow either due to the limited dimensions (1x1 mm) or the 

geometry (5x0.8 mm) (data not shown). 

Therefore, based on an initial design of Tolker-Nielsen et al. (Tolker-Nielsen et al., 2011) a new 

flow-through reactor especially suited for this application was designed (Figure 3-32). The main 

body of the new reactor was laser sintered out of stainless steel and is therefore reusable, auto-

clavable, and easy to clean. By the addition of two high precision cover slides (170±5 µm, 

60x24 mm), one to the top and one to the bottom of the reactor body (Figure 3-32, A.3), two 

rectangular shaped channels are created (Figure 3-32, A.4). 

 

Figure 3-32: Improved flow through reactor and bubble trap design for CLSM biofilm investigation 

(A) Flow through reactor design with mounts for the automated microscope stage (A.1), barbed connectors for the tube connec-

tions (A.2), and indentation for the cover glasses (A.3). A.4 shows a cross section of the flow through reactor wholly assembled 

with adhesive tape and cover glasses (B) Bubble trap with sealings (B.1) and barbed connectors (B.2). 
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The cover slides enable transmitted light as well as reflected light and laser scanning microscopy 

of the inner glass surfaces. The flow-through reactor is equipped with barbed connectors and 

can be easily connected to different types of tubing (Figure 3-32, A.2) and a peristaltic pump to 

realize a medium flow. Several strategies for the application of the coverslips were investigated, 

including silicon glue, two component adhesives, and adhesive tape, with tape being the most 

suitable solution. Using a template, the adhesive tape can be previously custom fitted and 

guarantees a consistent thickness throughout the connection. ACXplus 7054 High Transparency 

tape (Tesa SE, Norderstedt, Germany) was selected, because of its ability to force a strong con-

nection between glass and metal surfaces, because it is chemically inert, and because of its high 

temperature and humidity resistance. This allows for the assembled flow cell to be autoclaved 

and thereby avoids the need for chemical sterilization. The new flow cell assembly allows both 

optimal conditions for LSM investigations of biofilms and for biofilm growth. 

 

Figure 3-33: High-resolution biofilm 

surface reconstruction from CLSM 

raw data 

Steps to 3D surface reconstruction 

from raw CLSM data with Imaris 

(Bitplane AG, Zürich, Switzerland). 

High-resolution imaging is restrict-

ed to the initial cell layers. 

 

 

Figure 3-34: Cell detection in CLSM 

raw data 

Cell detection from 3D reconstruc-

tions of a biofilm with IMARIS (Bit-

plane AG, Zürich, Switzerland). Cell 

detection is restricted to the first 2-

3 cell layers. 

 

However, in addition to these technical limitations imposed by the reactor system which influ-

enced the resolution of the images, the capability of the CLSM system to penetrate the thick 
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photoautotrophic biofilm was limited (Figure 3-29 (B)). Therefore, cross sections had to be pre-

pared to determine the final biofilm thickness (Figure 3-31). This does not allow continuous real-

time determination of biofilm growth and structure. The limited penetration capacity is mainly 

caused by light absorption of chlorophyll a and the phycobilisome, which are both also responsi-

ble for the autofluorescence that was used to detect the cells in the first place. The autofluores-

cence was excited with monochromatic light of 633 nm, which causes an autofluorescence 

emission in the range of 650 to >700 nm. With this setting, full resolution imaging was restricted 

to the first 5 cell layers (<20 µm, Figure 3-33) and even with reduced resolution it was not possi-

ble to image biofilms that were thicker than 30 - 50 µm. High-resolution imaging of the biofilm 

would not only improve the determination of biofilm thickness, EPS, and structure (Figure 3-33), 

but would also enable the determination of cell numbers within the biofilm (Figure 3-34). 

Two-photon excitation (TPE) is applied in biomedical research for live deep tissue imaging 

(Rubart, 2004) and can also enable an improved biofilm penetration (Gerritsen and De Grauw, 

1999; Lakins et al., 2009; Neu et al., 2004b). Simultaneous multiphoton absorption allows excita-

tion of fluorophores with near-infrared (NIR) light (700 – 1400 nm) which then emit fluorescence 

within the visible spectrum. A tunable mode-locked titanium-sapphire laser generates ultrashort 

pulses of NIR light that penetrates tissue up to 500 µm depth (Dunn and Young, 2006). The 

thereby generated high photon flux is focused to a sub femtoliter volume, exciting fluorescence 

exclusively within this area (König, 2000). This avoids the necessity of a confocal aperture, which 

rejects out of focus fluorescence, thereby minimizing fluorescence losses. More critical, NIR light 

is less affected by light scattering. Normal NIR light is not absorbed by Synechocystis cells. 

However, TPE excitation of the photopigments is possible (Neu et al., 2004a). Recently, TPE was 

 

Figure 3-35: TPE fingerprint and respective emission 

spectrum of Synechocystis cells 

Diagram showing the fluorescence spectrum and 

intensity of Synechocystis cells upon TPE (Em, 

upper X-axis). In addition the fluorescence re-

sponse upon excitation with different wavelength 

is plotted (Ex, lower X-axis). The difference in pow-

er output of the laser at different wavelengths 

(max. power output) was compensated by varia-

tion of the relative laser intensity. 
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applied for the investigation of plant tissue (Mizuta et al., 2015). TPE proved to reduce the auto-

fluorescence and allowed the detection of GFP tags up to 120 µm deep in leaf tissue. 

A TPE fingerprint of Synechocystis cells ranging from 700 to 1040 nm revealed strong autofluo-

rescence up to 875 nm. On the other hand, in the range of 900 – 1040 nm, no significant auto-

fluorescence could be detected (Figure 3-35). Upon excitation, the cells emitted fluorescence 

light in the range from 600 - 675 nm. An optimal resolution could be achieved with a TPE at 

850 nm (Figure 3-36, A). However, this resolution was lower in comparison to SPE. Imaging of 

TPE based autofluorescence did improve the penetration only very slightly (Figure 3-36, B).  

 

Figure 3-36: TPE resolution with different excitation wavelength in comparison to SPE (A) and penetration capacity and depth reso-

lution of TPE excitation in comparison to SPE (B) 

Visualization of the achievable resolution (A) and penetration (B) of a biofilm with TPE (700-1040 nm, 50 nm intervals) in compar-

ison to standard LSM (SPE, 488/ 633 nm). Experiments were carried out with and without increasing the detector gain with depth 

(with, w/o correction). 
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Additionally, the resolution achieved with TPE in deeper layers of the biofilm was not significant-

ly improved. Therefore, the TPE of the inherent autofluorescence of Synechocystis cells cannot 

improve the resolution and penetration capacity that would allow for improved biofilm analysis. 

However, the absence of autofluorescence in the higher TPE range allows the implementation of 

specific fluorescent dyes and proteins. In order to further optimize the penetration of the mono-

chromatic laser beam, a fluorophore with an excitation wavelength which does not interfere 

with the naturally present pigments should be used. In addition, this fluorophore should emit a 

wavelength that can easily pass the biofilm. In general, for biofilm investigation, a fluorophore 

can be applied in two different ways, as a non-permanent dye added to the biofilm prior to each 

investigation, or as constitutively expressed fluorescent protein. Fluorescent dyes are very 

specific and available for a wide range of applications, but they have the disadvantage that there 

are expensive and that the biofilm has to be stained in advance before taking an image. Genes of 

fluorescent proteins can be chromosomally integrated and constitutively expressed. They allow 

cell detection without staining. A wide range of fluorescent proteins is available today, covering 

the complete visible and also partly the infrared spectrum. The ideal protein for this application 

can be excited by TPE in the range of 860 – 1040 nm and emits light that is, if possible, not ab-

sorbed by the cells.  
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Introduction. Cyanobacterial biotechnology has the potential for sustainable production of chem-

icals using CO2, sunlight, and water exclusively. Within the last 10 years, photoautotrophic cya-

nobacteria, mainly Synechococcus and Synechocystis strains, have been genetically modified to 

produce several industrial relevant precursors (Table 1-1). However, the production rates and 

final titer achieved by these microbial cell factories are low, and an economically viable imple-

mentation of such a phototrophic bioprocess seems questionable at this time. In the future, the 

successful implementation of cyanobacteria as phototrophic microbial cell factories (PMCFs) in 

the chemical industry requires an improved performance of the biocatalyst. Several studies in-

vestigated strategies to overcome the limited production capability of photoautotrophic strains 

as mentioned in the introduction (Chapter 1.3.1., Table 1-1). Thereby, the research focused on 

the optimization of cofactor dependency (NADH vs. NADPH), deletion or suppression of 

competing carbon consuming pathways (e.g., glycogen and PHB synthesis), and optimization of 

gene expression (e.g., promotor development). 

 

Figure 4-1: Synthetic 1,2 - propanediol pathway and glycogen synthesis in Synechocystis PG 

In the first step of the propanediol pathway (indicated in the white box), methylglyoxal synthase (mgsA) converts the precursor 

dihydroxyacetone phosphate (DHAP) into methylglyoxal, which is subsequently reduced by a methylglyoxal reductase (yqhD) to 

acetol and then to 1,2-propanediol by a secondary alcohol dehydrogenase (adh). Thereby, two NADPH are consumed. Also, the 

endogenous pathway for the glycogen synthesis and degradation is shown (orange box). Glucose-1-phosphate is converted to 

ADP-glucose by ADP-glucose diphosphorylase (glgC), which is added to the growing glycogen chain by a glycogen synthase (glgA). 

Finally, branching of the polymer is catalyzed by the glycogen-branching enzyme (glgB). Glycogen is broken down to G1P by 

phosphorylation by glycogen phosphorylase (glgP). 

One example of such an approach is the study by Li and Liao from 2013 (Li and Liao, 2013). In 

their publication, they describe the construction of a 1,2-propanediol producing Synechococcus 

elongatus PCC 7942 and the following pathway optimization. The authors focused on the redox 
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cofactor preference of the alcohol dehydrogenase converting acetol to 1,2-propanediol to max-

imize product titers. Changing from an NADH-dependent alcohol dehydrogenase to an NADPH-

dependent enzyme increased the 1,2-propanediol titer significantly from 22 to 150 mg L-1. 

In addition, this Synechococcus strain produced approximately 85% of the 1,2-propanediol in the 

stationary phase. However, the phenomenon of ‘non-growth’-related productivity was not ad-

dressed in that study. This observation is of particular interest because the production of signifi-

cant amounts of product in the transition to and in the stationary phase was not only 

encountered with this PMCF but was also observed in some other studies as well. This includes 

the production of 2,3-butanediol (Oliver et al., 2013), n-butanol (Lan and Liao, 2012), isobutyral-

dehyde (Atsumi et al., 2009), glycerol (Savakis et al., 2015), and lactic acid (Angermayr et al., 

2012; Varman et al., 2013). In the future, the successful implementation of cyanobacteria as 

“green” photosynthetic microbial cell factories in the chemical industry requires an extended 

understanding of the underlying regulation of carbon flux and especially of carbon partitioning 

between product and biomass. Production in the stationary phase prevents further production 

of biomass and allows the cell to channel all the available carbon into the desired product, which 

in theory should increase the production rate.  

Therefore, a cyanobacterial PMCF producing 1,2-propanediol was created in this study, with the 

aim to further investigate the observed production of 1,2-propanediol exclusively during the 

stationary phase. In the following, the previously described results are discussed in detail. An 

overview of the developed whole cell biocatalyst, Synechocystis PG, is given in Figure 4-1, 

highlighting the central metabolic pathways.  

1,2-propanediol formation in the stationary phase 

The constructed biocatalyst Synechocystis PG produced 1,2-propanediol only during the late 

growth and stationary phase. In order to exclude missing gene transcription or protein synthesis 

during the exponential and linear growth phases, the transcript and the proteome were ana-

lyzed.  

Gene expression and translation. The efficient expression of heterologous genes in the cyano-

bacterial strains Synechocystis and Synechococcus is hampered by the limited availability of or-

thogonal, tight, titratable, and strong promotors. The majority of the up to now used promotor 

systems is derived from the LacI regulated lac promotor. Thereof, the trc promotor, which was 
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also used in this study for the expression of the 1,2-propanediol pathway genes in Synechocystis 

PG, is the most frequently applied (Table 1-1). Expression studies with the trc promotor revealed 

a strong, but only leaky repressed gene transcription (Huang and Lindblad, 2013). This is in ac-

cordance with the results reported in chapter 3.2. Maximal 1,2-propanediol synthesis could al-

ready be observed in the non-induced culture, induction of Synechocystis PG with IPTG did not 

increase product formation rate or final titer. Expression levels with and without the presence of 

IPTG were not compared. In case that the addition of the inducer resulted in increased transcript 

levels, this resulted not in higher reaction rates. Research on modified trc descendants improved 

the repression of gene transcription in the absence of an inducer, but only at the expense of the 

maximal expression level achieved (Huang et al., 2010). This new generation of synthetic trc 

promotors could also be applied in a Synechocystis PG variant. The inducible and titratable ex-

pression could be beneficial in further experiments. However, if the protein amount becomes 

limiting, the inducible gene transcription will come at the expense of activity.  

From the transcriptional analysis, it may be concluded that the transcript stability of the full-

length RNA covering the whole operon is limiting 1,2-propanediol production, as it was not pos-

sible to detect full-length transcripts of yqhD and adh. However, the respective proteins could be 

detected by mass spectroscopy at high abundance in all samples. Not so clear was the situation 

regarding the methylglyoxal synthase (MsgA). Although the msgA transcript proofed to be very 

stable in the Northern Blot, it was not possible to detect the corresponding protein by mass 

spectroscopy. MgsA is the smallest protein of the three, with an unfavorable trypsin fragmenta-

tion pattern, yielding mostly either rather large or very small peptides or peptides with a high 

histidine content. This could hamper detection of the respective masses. Alternatively, it could 

be that the protein is indeed absent from the culture, meaning that the mgsA transcript is not 

translated and the conversion of the precursor dihydroxyacetone phosphate to methylglyoxal is 

catalyzed by a host intrinsic enzyme (sll0036, WP_010874019.1, Figure 4-3, Table 4-1). It is im-

portant to note that MgsA was not detected by mass spectroscopy during all phases of cultiva-

tion, even when 1,2-propanediol production took place. Future experiments should include 

activity assays with crude cell extracts of Synechocystis PG. These extracts should be obtained 

from different growth stages to finally verify the presence of comparable amounts of active en-

zyme during cultivation. Additionally, quantitative PCR analysis might give more detailed infor-

mation on the transcript level during cultivation. However, due to the constraints regarding the 

PCR probe, only limited information about the stability of the transcript would be obtained in 
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comparison to the Northern Blot. Due to time limitations, these assays could not be carried out 

as part of this thesis. 

Assuming that the respective enzymes of the 1,2-propanediol pathway were present in the cells 

at all time points of cultivation, the question remains why the production was restricted to the 

late and stationary phase. Therefore, the factors limiting growth were investigated. 

Phosphate limitation. The data showed that all phosphate present in the YBG11 medium was 

taken up by the cells at the beginning of cultivation (Figure 3-9). The maximum optical density of 

the Synechocystis PG cultures correlated to the provided phosphate amount indicating a phos-

phate limitation at the end of batch growth in YBG11. However, other studies reported a sulfate 

(van Alphen et al., 2018) limitation or lower phosphate content of the cells during phosphate 

induced growth limitation as compared to our results (Trautmann et al., 2016). These differences 

might be related to the different strain background or might be caused by different cultivation 

conditions. Medium with twice the concentration of nutrients did not result in twice the amount 

of biomass (Figure 3-8) which indicates another limiting compound like PAR or DIC. 

Limited improvement of 1,2-propanediol production due to elevated light intensities and CO2 

availability  

In the experiments described in chapter 3.3, the influence of the provided light intensity and DIC 

on biomass formation, 1,2-propanediol production and glycogen accumulation of Synecho-

cystis PG was investigated.  

Biomass formation. Elevated light intensities led to a prolonged exponential growth phase and 

were also reflected in the slope during the linear growth phase (Figure 3-10, Table 3-1), which 

became steeper with increasing light intensity. Previously published studies with Synechocystis 

wild-type cultures reported increasing exponential growth rates with increasing light intensity 

(Trautmann et al., 2016; Zavřel et al., 2014). However, an increase in exponential growth rate 

was not expected during these experiments due to the applied stepwise increase in light intensi-

ty, which became necessary due to the light sensitivity of the recombinant strain.  

It could also be shown that an atmosphere with an ambient CO2 concentration (0.04%) limits the 

growth of Synechocystis PG (Figure 3-13, Table 3-4). This limitation was reflected in a shortened 

exponential growth phase accompanied by a low increase in biomass during the prolonged linear 

growth phase. All in all, light intensity and CO2 partial pressure had only limited influence on the 
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process duration due to the overall slow growth rate of the Synechocystis strains. Anyhow, in this 

case the growth phase where the biocatalyst is produced has to be distinguished from the 1,2-

propanediol production phase, even though both phases are linked via glycogen. Glycogen pro-

duction was taking place during the linear and late growth phase, which had significant influence 

on the following production phase (Figure 4-2). Consequently, the influence of both substrates 

on the glycogen production during the growth phase and on the glycogen catabolism during the 

production phase was analyzed.  

Glycogen accumulation and catabolism. The altered cultivation conditions influenced the accu-

mulation of intracellular glycogen. The highest glycogen amount (27.5 mMC) accumulated at high 

light and high carbon conditions (HL - 250 µmol m-2 s-1, HC - 2%, Figure 4-2). While the accumu-

lated glycogen concentration was dependent on the light intensity (Table 3-5, page 60), the max-

imal glycogen titer was stronger affected by a decreased carbon availability in the growth phase 

(Figure 4-2). This was also reflected in the rate of glycogen production. However, due to the lim-

ited amount of sampling points during this phase, the rates could not be determined reliably. 

This result was expected as glycogen is the major carbon storage compound and carbon will be 

directed to essential biomass components during carbon limited growth. The same dependency 

of glycogen accumulation and light intensity was also observed by Monshupanee (Monshupanee 

and Incharoensakdi, 2014). Taking a closer look at the production phase, the highest glycogen 

utilization rate was also observed under high light, high carbon conditions (-7.2 mMC day-1). The 

higher glycogen utilization rate might be a result of the higher glycogen amount available, or it 

could be connected to the performance of the synthetic pathway. Following experiments 

showed faster glycogen catabolism in the recombinant strain in comparison to the wild-type 

strain (Figure 3-15). Therefore, the faster glycogen turnover rate might be a direct result of the 

higher carbon drain due to the increased activity of the synthetic pathway. 

1,2-propanediol production. The 1,2-propanediol production rate was highly dependent on the 

light intensity (-73%, HC, HL → HC, LL, Figure 4-2), whereas the influence of DIC was small in the 

investigated range (HC, HL → LC, HL, Figure 4-2). In contrast, the resulting final titer was equally 

dependent on light intensity and DIC. One explanation could be provided by the need of NADPH 

as reduction equivalent for the 1,2-propanediol production pathway. Following experiments re-

vealed a major contribution (75%) by the Calvin cycle to the 1,2-propanediol synthesis. The en-

ergy dependency of the Calvin cycle might be reflected in these results. An alternative ex-

planation might be the energy consumption of the 1,2-propanediol pathway itself. The reduction 
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of DHAP to 1,2-propanediol requires 2 NADPH which can be supplied by the light reactions 

whereas glycogen catabolism would provide mainly NADH. However, further investigations are 

necessary to explain this behavior. Those could include experiments with identical cultivation 

conditions in the growth phase, while only the light or DIC amounts during the production phase 

are varied. This would allow an independent study of the influence on the production phase 

without interference by the size of the previously accumulated glycogen pool. Experiments con-

ducted by Li and coworkers (Li and Liao, 2013) revealed an improved 1,2-propanediol production 

when a NADPH-dependent replaced the applied NADH-dependent dehydrogenase. The investi-

gation of a modified Synechocystis PG with the original NADH-dependent dehydrogenase instead 

of a NADPH-dependent might give insight into the source of reduction equivalents utilized for 

1,2-propanediol production. 

 

Figure 4-2: Influence of changed light intensity and CO2 availability on glycogen and 1,2-propanediol titers and rates 

PG – 1,2- propanediol, Gly – Glycogen, HC – high carbon (2%), LC – low carbon (0.04%), HL – high light (250 µmol m-2 s-1), LL – low 

light (50 µmol m-2 s-1), r – 1,2-propanediol production rate or glycogen turnover rate [mMC d-1], n – maximum 1,2-propanediol or 

glycogen titer [mMC], changes are given as percentages of the maximal rates or concentrations at HC, HL conditions (marked in 

red), respectively. Data obtained from Figure 3-11, Figure 3-14, Table 3-2 and Table 3-5. 

All in all, the accumulation of glycogen during the late growth phase is hampered by an 

insufficient CO2 availability and also, but to a lower extent, by insufficient light intensities. The 

1,2-propanediol production window correlated with the glycogen availability. Therefore, reduced 

glycogen resulted in shorter 1,2-propanediol production time. Even if the 1,2-propanediol pro-
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duction rate is unaffected, 1,2-propanediol titers decreased. However, where the propanediol 

production rate is not affected by lower CO2 availabilities, it is highly light dependent. The de-

creased 1,2-propanediol production rate under light limitation is partly compensated by 

increased production time. The results of the experiments with changing light intensities and 

variable CO2 concentrations indicated a direct influence of the energy provided by the light reac-

tions on the 1,2-propanediol production as well as a connection between the presence of glyco-

gen and propanediol production. 

The comparison to other studies is hindered by a wide range of light sources and CO2 supply (see 

also chapter 1.3.2, Table 1-1). The influence of light intensity and CO2 concentration on the 

growth of Synechocystis was investigated during the last years (e.g., Benschop et al., 2003; 

Martínez et al., 2011). Despite the importance of the substrates light and CO2 also for the 

productivity of synthetic pathways, an optimization of cultivation conditions was seldomly pub-

lished so far. The comparison of the process performance of the diverse processes with different 

irradiation intensities and DIC is inconclusive (Table 1-1). Due to the different branching points 

and a different carbon and energy consumption, a conclusion concerning the influence of light 

and DIC on the heterologous production in general cannot be derived. 

Regarding process development, cultivation at 2% CO2 and 200 - 250 µmol m-2 s-1 resulted in 

maximal 1,2-propanediol production rates. Higher light intensities and carbon dioxide concentra-

tions did not improve propanediol production beyond this point. 

Intracellular carbon fluxes during 1,2-propanediol production 

The tight regulation of the carbon flux during photoautotrophic growth may be a reason for the 

limited production rates achieved with photoautotrophic hosts so far. As described in chap-

ter 3.4, the 1,2-propanediol synthesis stopped as soon as the glycogen pool was depleted. Ma-

nipulating glycogen synthesis to reduce the carbon flux to glycogen did not have a beneficial 

effect on 1,2-propanediol synthesis (Figure 3-16, Table 3-6). Instead of improving productivities, 

product titers were dramatically reduced with no influence on the setting of the production 

phase. The synthesis of other fermentation products such as succinate and acetate were also 

reported to be directly coupled to glycogen. In these cases, the carbon and energy were solely 

delivered by the reactivation of the storage compounds in dark and anoxic conditions 

(Hasunuma et al., 2016). 
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Carbon flux analysis. To understand how the carbon is distributed between the different carbon 

sinks in the stationary phase, the glycogen pool was saturated with labeled carbon atoms. The 

experiment revealed that during propanediol production 25% of the used carbon was derived 

from glycogen whereas the other 75% were provided by the Calvin cycle (Figure 3-17, Table 3-7). 

This is in accordance with the results of the previously described knock-out experiments 

(Chapter 3.4). Consequently, the question occurred whether light is required for the generation 

of the carbon from the Calvin cycle. Therefore, further experiments under dark conditions were 

conducted. Surprisingly, no 1,2-propanediol synthesis took place without light (Figure 3-18, Table 

3-8). It was expected that the 75% 1,2-propanediol contributed by the Calvin cycle cannot be 

produced in darkness as the Calvin cycle depends on the energy supply from the photosynthetic 

reactions. However, it was also expected that the 25% 1,2-propanediol contributed by glycogen 

would still be produced as glycogen was available at high concentrations. Nevertheless, this did 

not happen. Although glycogen was catabolized rapidly, no 1,2-propanediol was produced. Only 

after light was provided again and the glycogen pool was restored, 1,2-propanediol synthesis 

was observed. 

The developed cultivation technique, which allows the differentiation of carbon derived from 

glycogen and the Calvin cycle directly, can be applied for further experiments in the future. The 

combination with experiments concerning the influence of light intensity and DIC on 1,2-

propanediol formation as described in chapter 3.3 would allow the analysis of carbon fluxes 

during the production phase. 

All in all, 1,2-propanediol is produced from carbon contributed by glycogen and the Calvin cycle. 

The production only takes place under phosphate limitation, carbon excess and while light is 

supplied. Therefore, an unknown underlying regulation of the carbon flux is suspected.  

Methylglyoxal bypass. The heterologous methylglyoxal synthase applied here as part of the 1,2-

propanediol synthesis pathway is in its natural host E. coli part of the methylglyoxal bypass (Fig-

ure 4-3). This bypass is active under phosphate-limiting conditions and when phosphorylated 

sugars (e.g., GAP, DHAP) accumulate (Hopper and Cooper, 1971). The methylglyoxal bypass ena-

bles bacteria to maintain carbon flux through the cell under phosphate starvation. DHAP is 

converted to methylglyoxal, whereby orthophosphate is liberated which can be used in glycolysis 

by the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for the conversion of GAP to 1,3-

bisphosphoglycerate (1,3-BPG). The produced methylglyoxal is converted to lactate and finally to 

pyruvate without further production of ATP (Cooper, 1984). The activity of the methylglyoxal 



Chapter 4 

108 

pathway is also part of the overflow metabolism when an excess of carbohydrates enters the 

central metabolism (Tötemeyer et al., 1998). This pathway is tightly regulated due to the toxicity 

of methylglyoxal and the potentially wasted energy. 

 

Figure 4-3: Proposed methylglyoxal bypass in Synechocystis PG 

Schematic representation of the central carbon metabolism of Synechocystis PG showing the methylglyoxal bypass as found in 

various prokaryotes. Endogenous Synechocystis genes with either high sequence identity (sll0036) to known pathway genes or 

with proven activity for this reaction are shown in blue. Introduced heterologous genes that are part of the 1,2-propanediol 

pathway are shown in red. 

The methylglyoxal bypass has not yet been described in the here investigated host strain Syn-

echocystis. However, candidate genes in the genomic sequence (Table 4-1) of Synechocystis PG 

could be identified which show a high sequence similarity and E-value to the ones encoding the 

methylglyoxal pathway in E.coli. Specifically, the amino acid sequence derived from the gene 

sll0036 shows high similarity with other known MGS from E. coli, Clostridium acetobutylicum, 

and Bacillus subtilis (Huang et al., 1999). The proteins encoded by the genes slr0381, sll1019, 

and slr1556 complete the methylglyoxal pathway (Figure 4-3). Respective catalytic activities have 

already been described in literature (Knoop et al., 2013; Miao et al., 2017; Shimakawa et al., 

2013). 
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Table 4-1: Comparison of amino acid sequences derived from genes encoding for the enzymes of the methylglyoxal bypass in E. coli 

to respective putative enzymes in Synechocystis PCC 6803. 

 Accession number    

 E. coli Synechocystis 
Total 

score 

Query 

cover 
E-value Identity[4] REF 

methylglyoxal synthase WP_000424181.1 WP_010874019.1 123 76% 4e-35 47% [1] 

lactoylglutathione 

lyase 
WP_001237796.1 WP_010873329.1 176 92% 4e-59 65% [2] 

hydroxyacylglutathione 

hydrolase 
WP_001052715.1 WP_010871579.1 206 100% 3e-67 41% [2] 

D-lactate dehydrogen-

ase 
WP_000762236.1 WP_010874176.1 357 99% 2e-124 51% [3] 

Data derived from BLASTP 2.8.0, NCBI. [1] (Huang et al., 1999), [2] (Shimakawa et al., 2013), [3] (Angermayr et al., 2016a) [4] the 

respective amino acid sequences have been compared.  

Based on the results presented here, it can be hypothesized that Synechocystis utilizes a methyl-

glyoxal bypass under phosphate starvation and that the heterologous 1,2-propanediol pathway 

of Synechocystis PG is indeed subject to the same regulation that controls the methylglyoxal by-

pass via the methylglyoxal synthase. A crucial component in this context would then be phos-

phate, which was the first essential compound to be depleted during batch growth. During the 

growth phase, excess phosphate and low DHAP/GAP concentrations would repress the methyl-

glyoxal bypass (Figure 4-4, A). Carbon and energy are used for growth and glycogen synthesis. At 

one point phosphate is depleted, which would open the methylglyoxal bypass and simultaneous-

ly causes a growth arrest. During this phase glycogen catabolism is initiated, which in turn leads 

to enhanced GAP/DHAP levels potentially increasing the flux through the methylglyoxal bypass 

and thereby through the 1,2-propanediol pathway (Figure 4-4, BL). Due to the orthophosphate 

dependency, the carbon flux from the glycogen reserve is split equimolar between the methyl-

glyoxal bypass and the lower branch of the glycolysis (Figure 4-3), which is mirrored in the de-

rived data showing about 50% of the carbon originating from glycogen being channeled into the 

product 1,2-propanediol (Figure 3-17, C and E). In the absence of light (Figure 3-18, C; Figure 4-4, 

BD) the glycogen reserve was consumed rapidly. However, without the light reactions, no addi-

tional carbon inflow from the Calvin cycle is to be expected. The limited energy supply might 

even increase the Pi and PPi availability. Therefore, the GAP/DHAP levels are low, and the 

methylglyoxal bypass is inactive. No 1,2-propanediol formation takes place. Restored PAR leads 

to glycogen production (Figure 3-18, C; Figure 4-4, C). With glycogen as a carbon sink, excess 

DHAP/GAP is channeled into the glycogen pool. The GAP/DHAP concentrations are kept low, and 

the methylglyoxal pathway stays inactive. However, as soon as glycogen is catabolized again in 
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the presence of an active Calvin cycle, the bypass is reactivated resulting in 1,2-propanediol pro-

duction (Figure 3-18, C-F; Figure 4-4, D). In this context, deletion of glgC would prevent glycogen 

accumulation during the growth phase. Later on, during the stationary phase, the lack of glyco-

gen would reduce the carbon flow into glycolysis and decrease the levels of phosphorylated car-

bohydrates. Subsequently, the flux into the methylglyoxal bypass would be lower, also causing a 

drop in 1,2-propanediol production. Precisely this behavior was seen for Synechocystis ΔglgC PG. 

It can be concluded that the activity of the 1,2-propanediol pathway is connected to a regulation 

that controls the entrance of DHAP into the methylglyoxal bypass. The activity of the 1,2-

propanediol pathway is therefore controlled by phosphate and GAP/DHAP levels, which influ-

ence the activity of either the heterologous or the host intrinsic methylglyoxal synthase or both. 

  

 

Figure 4-4: Interrelation of the different carbon sources and sinks considering biomass, glycogen turnover, and the methylglyoxal 

bypass 

(A) Growth and accumulation of fully labeled glycogen from 13CO2, (BL) “mixotrophic” production of 1,2-propanediol from glyco-

gen and nCO2, (BD) glycogen turnover in darkness, (C) replenishing of the glycogen pool from nCO2 under light conditions, (D) 

production of unlabeled 1,2-propanediol from glycogen and nCO2 under light conditions. 
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Glycogen content influences OD750 measurement 

During the experiments with glycogen determination, it became apparent that the OD750 is 

influenced by the variable glycogen content inside the cells. The collected data sets could be 

used to establish a correlation between the ratio of OD750 and cell number and the intracellular 

glycogen content (Figure 4-5). This correlation can be applied above a ratio of 4.6 or a glycogen 

content of 2.5 mMC, respectively. Below these values, the influence of the glycogen content on 

the OD750 is not pronounced enough to allow a reliable estimation. This correlation enables a 

fast and efficient estimation of the glycogen content of Synechocystis and Synechocystis PG cul-

tures without the need for glycogen isolation, hydrolysis, and glucose determination. 

 

Figure 4-5: Correlation of the quotient of OD750 and cell concentration to 

the glycogen concentration  

(Data derived from Figure 3-17 and Figure 3-18) 

 

1,2-propanediol production in photobioreactors 

Chapter 3.5 reports the transfer of the process from shaking flasks to the 2-3L bioreactor scale. 

While the process could be realized also in benchtop bioreactors, the final 1,2-propanediol titers 

were significantly reduced in comparison to the experiments conducted in shaking flasks. In case 

of the stirred tank bioreactor, lower product titers had to be expected. Due to the bioreactor 

design, light can only be supplied to the outer layers of the culture and cells will only seldomly 

pass an irradiated zone. Therefore, limited light availability is an issue. Insufficient irradiation has 

already proven to reduce product formation in shaking flask experiments (Chapter 3.3). How-

ever, this is not the case for the flatpanel bioreactors. These bioreactors were specially designed 

with a confined thickness of the culture vessel to prevent light limitation. Nevertheless, only 50% 

of the 1,2-propanediol titers achieved in shaking flasks could be realized in this reactor setup. 

The major differences during cultivation were the light intensity and the mode of aeration. The 

light unit in the shaking flask incubator was calibrated measuring light conditions in an empty 

incubator. Therefore, the adjusted light intensity during shaking flask cultivations was 
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overestimated, as the influence of the shaking flasks and their sterile closures on top on the light 

intensities in the bacterial cultures were not considered. An additional unknown factor is the 

mass transport resistance of the sterile closures, as explained in chapter 3.3. While the shaking 

flasks cultures sealed with a gas permeable closure stood in a chamber with an atmosphere 

containing 2% CO2, the organisms in the bioreactors have been directly aerated with 2% CO2 

enriched air. The sterile closure represents a mass transport hindrance that reduces the carbon 

availability inside the flasks. However, all these factors do not satisfyingly explain the significantly 

lower productivities reached in the bioreactor in comparison to the shaking flask experiment.  

A carbon balance (Chapter 3.5, Figure 3-22, Table 3-12) revealed the production of approxe-

mately 8 mMC of unknown carbon-based side products by the wild-type strain. The applied 

analytics could not identify the side products. However, the formation of significant amounts of 

commonly known fermentation products (e.g., acetate, pyruvate) can be excluded. In contrast, it 

was possible to close the mass balance for the recombinant strain. Thus, side product formation 

of the recombinant strain under these conditions can be excluded. The carbon distribution at the 

beginning and the end of the 1,2-propanediol production phase is visualized in Figure 4-6. Before 

1,2-propanediol synthesis, all the carbon taken up from the aeration (77.8 mMC) was used to 

assemble 79.1 mMC biomass including 24.4 mMC glycogen (Figure 4-6, A).  

 

Figure 4-6: Carbon distribution at the start 

and the end of the production phase of 

Synechocystis PG 

Schematic representation showing the 

carbon distribution after the growth 

phase (A) and after the production phase 

(B). The amount of carbon stored in bio-

mass (∑X) consists of the amount of car-

bon stored in glycogen (marked in grey) 

and carbon which is part of the remaining 

biomass (marked in green, data derived 

from Figure 3-22 and Table 3-12) 

 

During 1,2-propanediol production, the glycogen pool was consumed while the rest of the bio-

mass remained. The catabolized amount of glycogen (23.3 mMC) could nearly sustain the 

production of 17.4 mMC 1,2-propanediol as well as the evolution of 7.2 mMC CO2 (Figure 4-6, B). 

This is also supported by the net oxygen consumption during 1,2-propanediol production (Figure 



Discussion 

113 

3-22). With limited energy provided by the light reactions, reduced CO2 fixation was to be 

expected. 

In contrast to the observations in the shaking flasks experiments, no significant contribution of 

the Calvin cycle to the product formation could be observed. Whereas the shaking flasks had a 

net CO2 uptake of at least 13 mMC during the production phase (Table 3-7, 22 mMC of unlabeled 

CO2 taken up vs. 8.7 mMC of glycogen that could be oxidized), a net production of 7.2 mMC CO2 

was measured during the production phase of the bioreactors. The total carbon and energy 

needed for the propanediol production seemed to be provided by the glycogen pool. This is the 

most likely explanation for the by 50% decreased propanediol titer during these experiments. 

The maximum CO2 uptake rate (20.1 mMC d-1) measured at the transition from the late growth 

to the stationary phase could not be re-directed to the production of 1,2-propanediol under the 

applied conditions. However, also in comparison to the shaking flask experiments where a pro-

duction rate of 6.3 mMC d-1 was observed with 5 mMC d-1 directly contributed by the Calvin cycle, 

the production rate was 25% lower than the maximal measured CO2 fixation rate in this experi-

ment. In comparison to the majority of processes listed in Table 1-1, the carbon provided by the 

Calvin cycle was utilized entirely for product synthesis by Synechocystis PG and is not shared with 

biomass formation during the production phase. The capacity for carbon assimilation is only 

partly utilized for product formation. 

The determination of the carbon uptake rate also allows the calculation of the 1,2-Propanediol 

yield on CO2 (YP/S). Approximately 22% of the assimilated carbon were finally redirected to the 

product. The carbon distribution between biomass and product was still in favor of biomass 

(66%). The yield of product on biomass (YP/X) is approximately 33%. If the glycogen storage can 

be replenished, 1,2-propanediol might be produced repeatedly. This would shift the carbon 

distribution towards the product and might allow the continuous usage of the biocatalyst. 

The combination of reactor experiments and 13CO2 experiments would be a starting point for in-

depth flux investigation. However, 13CO2 is too expensive for an economically feasible application 

in bioreactor experiments. Instead, the shaking flask cultivation system might be extended by 

off-gas analytics in the future, which would allow the measurement of carbon uptake while 

restricting the costs for labeled CO2. 

In addition to the batch experiments, it was also attempted to produce 1,2-propanediol con-

tinuously with Synechocystis PG (Chapter 3.5). Whereas production could not be established in a 
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turbidostat (data not shown), 1,2-propanediol formation with a low rate of 0.27 mMC d-1 was 

observed under nutrient limitation in a chemostat (Figure 3-24). In this situation, growth was 

restricted by phosphate availability. However, cells were still growing, and glycogen was 

produced. Regarding the methylglyoxal bypass hypothesis, the phosphate limitation would 

enable methylglyoxal production by the methylglyoxal synthase. The remaining biomass 

synthesis, including glycogen, would keep the DHAP/GAP low restricting the 1,2-propanediol 

production. An even lower dilution rate might increase phosphate starvation and further restrict 

glycogen and biomass formation, which might enable higher continuous production rates for 

1,2-propanediol. 

Some studies reported the production of organic acids from storage compounds under dark and 

anoxic conditions (Table 1-1). In this context, the cells were also cultivated under dark oxic and 

dark anoxic conditions. Whereas glycogen catabolism was triggerd by dark oxic conditions, no 

product formation was observed. This result was already expected from the shaking flasks 

cultivation in darkness. After the replenishing of the glycogen pool, the cells were transferred to 

dark anoxic conditions. Under these conditions the cells utilized only minor amounts of their 

glycogen storage and again no product formation was observed. Instead, the accumulation of 

low amounts of organic acids in the medium could be detected. As already seen in the shaking 

flasks experiments, 1,2-propanediol production is depending on the availability of light and 

glycogen catabolism. Without both, no 1,2-propanediol production took place. Due to the 

regulation of the methylglyoxal bypass, different strategies for the successful production of 1,2-

propanediol have to be developed. 

Characterization of Synechocystis biofilms 

For the successful application of photosynthetic microbial cell factories not only the biocatalyst 

performance has to be improved. Also, new process concepts have to be developed. Therefore, 

the capability of Synechocystis to form a monospecies biofilm was investigated (Chapter 3.6). 

During these experiments, stable Synechocystis biofilms could be cultivated. Thereby, biofilm 

growth could be controlled by introducing air segments. The resulting interfacial and hydrody-

namic forces shaped the biofilm structure and enabled continuous cultivation. The experiment 

was maintained for five weeks during which no additional biomass formation was observed. Nei-

ther grew the biofilm in size nor was biomass flushed out. 
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Investigation of the biofilm structure by CLSM revealed a flat, dense biofilm structure. However, 

the image quality of the biofilm was influenced by the reactor geometry. Therefore, a new flow 

cell design (Chapter3.6, Figure 3-32) specifically optimized for CLSM applications in biofilm re-

search was developed. The new reactor design enabled high-resolution imaging of the initial bio-

film layers. However, imaging was still restricted by the limited penetration of the specimen. One 

promising strategy for higher increased in depth resolution is the excitation with multiple pho-

tons simultaneously. Attempts to increase the penetration depth by multiphoton excitation 

showed only limited success (Figure 3-36). Due to the high density of cells and the resulting 

number of photopigments, light penetration and emission are especially problematic with pho-

toautotrophic biofilms. Further improvement might be made with fluorescent proteins that are 

excited by and emit light at a wavelength that does not interact with the contained photopig-

ments. 

In summary, biofilm cultivation of Synechocystis could be established, and the successful contin-

uous cultivation makes this a promising approach for further process development. Especially 

the immobilization of cells in combination with reduced biomass formation might reduce the 

carbon consumption by biomass formation and enable increased production rates. 
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In the presented work, the strain Synechocystis sp. PCC 6803 was modified to enable the produc-

tion of 1,2-propanediol from CO2 and light. Therefore, different stages of bioprocess develop-

ment have been addressed, including pathway engineering, biocatalyst characterization, 

reaction engineering, and process engineering. 

Phosphate starvation, the resulting limitation of growth, active glycogen catabolism, and the 

availability of light were identified as the key factors influencing 1,2-propanediol production. 

Production of 1,2-propanediol is coupled to the stationary phase and concomitant glycogen ca-

tabolism. This behavior seems to be the result of methylglyoxal synthase regulation in the con-

text of the methylglyoxal bypass. These findings are relevant also for other pathways 

withdrawing DHAP from the Calvin cycle via a methylglyoxal synthase. The influence of the car-

bon partitioning on biomass, storage compounds, and synthetic pathways is of primary interest 

for all photoautotrophic fermentation approaches. Redirection of the carbon flux towards the 

desired product is one fundamental approach for the large-scale application of this technology. 

These findings indicate that prevention of carbon flux to storage compounds is not always ne-

cessary to achieve high productivities. Synthesis and accumulation of storage compounds during 

photoautotrophic growth and semi-fermentative production of value-added compounds from 

glycogen might also be one promising strategy.  

The optimization of CO2 and light supply to the needs of the production host via reaction engi-

neering resulted in an improvement of final product titers. A maximal product concentration of 

12 mM was reached, which is six times higher than any previously reported value (Li and Liao, 

2013). Similarly, the production rate was increased by a factor of 4. However, despite an evident 

influence of the cultivation parameters on 1,2-propanediol production, only limited improve-

ment of the production rate and final titers could be made. 

Further improvement of the biocatalyst performance might be achieved by enzyme engineering. 

Mutagenesis of the methylglyoxal synthase to reduce the inhibition by phosphate might release 

the restriction of 1,2-propanediol to the stationary phase. Additionally, future optimization of 

the biocatalysts expression cassette could involve the construction of separate transcriptional 

units for the three genes of the pathway to limit post-transcriptional events and to control the 

amount of each of the enzymes independently as was suggested by Savakis et al. (Savakis et al., 

2013). Additional enzyme activity assays with crude cell extract could accompany this approach 

together with qPCR analysis as already discussed before (Chapter 4). Another possible strategy is 

the screening for different host strains. In addition to the here applied Synechocystis strain, Syn-
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echococcus elongatus sp. PCC 7942 is often applied as chassis for biotechnology (Table 1-1). 

With Synechococcus elongatus UTEX 2973, another promising chassis with high growth rates was 

recently described (Yu et al., 2015). However, during initial experiments with both strains carry-

ing the chromosomal integration of the 1,2-propanediol pathway, only the toxic intermediate 

methylglyoxal accumulated (data not shown). 

Another target for optimization are the process conditions. The transfer of the process to the 

benchtop bioreactor scale resulted in significantly lowered product titers and revealed a strong 

influence of technical variations of the cultivation systems on the process performance. Never-

theless, phosphate limited continuous cultivation of the biocatalyst enabled ongoing 1,2-

propanediol production in bioreactors. Despite the low observed production rate, this might be a 

starting point for further process improvement. A stronger phosphate limitation and therefore 

further limited growth has the potential to still maintain the biocatalyst while simultaneously 

increasing the activity of the methylglyoxal synthase and the carbon flow towards 1,2-

propanediol.  

Reactor and process engineering for phototrophic whole cell biocatalysis requires a re-thinking 

of familiar reactor concepts. The essential substrates light, water, and carbon dioxide necessitate 

different process concepts and technical solutions compared to today´s applications in biotech-

nology. The available reactor configurations aim at maximal biomass production. However, this is 

usually suboptimal for production. This is also true for the suitability of biofilms as catalysts for 

continuous chemical synthesis which necessitates controllable porosity and growth as well as the 

activity of all cells in the biofilms. These qualities could be achieved with the here described 

segmented flow concept. Continuous processes, controlled biomass formation and regeneration 

of the biocatalyst are mandatory to enable the efficient production of value-added compounds 

and biofuels from sunlight and CO2. 

The observation of continuous 1,2-propanediol production under phosphate-limited growth in 

combination with the established segmented flow biofilm cultivation could potentially enable 

biomass retention by self-immobilization and would allow an even stronger phosphate limita-

tion. In addition to the results presented in this thesis, initial studies concerning the biofilm for-

mation of Synechocystis PG and first attempts at an upscaling of the biofilm setup to bench scale 

were made. During those experiments conducted with different benchtop scale biofilm reactors 

concepts (data not shown), traces of 1,2-propanediol could be detected. Those reactor concepts 

might be used as a starting point for further process optimization. 
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Already published photosynthetic microbial cell factories (Table 1-1, Figure 5-1) cover the range 

from proof of principle studies with only traces of product produced to the benchmark processes 

for the production of ethanol (Gao et al., 2012), 2,3-butanediol (Oliver et al., 2013) and isobutyr-

aldehyde (Atsumi et al., 2009). With the exception of bioethanol production, all these processes 

are far away from an economically feasible realization. Whereas ethanol could be produced with 

a rate of 87 mMC d-1 up to an exceptionally high titer of 239 mMC, already the second highest 

producer, butanediol, was produced with only a maximum rate of 17 mMC d-1 to a final titer of 

133 mMC, while the strain producing isobutyraldehyde reached only rates of 8 mMC d-1 and pro-

duced a final titer of 61 mMC (Figure 5-1, Table 1-1). The realization of bioethanol production is 

favored by low downstream costs and a big potential market for low purity biofuel. Even so, eth-

anol can be taken as an example what becomes possible if there is a high interest in the devel-

opment of a production process. 

 

Figure 5-1: Product titers and rates of processes with cyanobacterial microbial cell factories 

Product titer and production rate of Synechocystis PG in comparison to the performance of other cyanobacterial production 

strains (data taken from Table 1-1)  
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In comparison to these benchmark processes, the production capacity of 1,2-propanediol with 

Synechocystis PG is significantly lower (Figure 5-1, marked by a red and dotted line). Whereas 

the production rate within the stationary phase is high compared to the majority of published 

rates, the final titer is only slightly above the average.  

The comparison to the 1,2-propanediol producing Synechococcus strain (Li and Liao, 2013) needs 

to consider the differences in strain background. The growth curve given for the recombinant 

Synechococcus strain is based on OD730 measurements, while this study used the optical density 

at 750 nm as a measure for the biomass concentration. Also, due to the differences in cell size 

and shape, the correlation factor of cell number to optical density deviates. However, in 

comparison, the titer and production rate of Synechocystis PG is significantly higher, while both 

strains produce the majority of the product during the stationary phase. 

The same pattern, meaning the production of a majority of the product during the stationary 

phase, was also published for the three benchmark strains. Approximately 120 mMC of ethanol 

and 60 mMC 2, 3-butanediol were produced during the stationary phase. 2,3-butanediol was 

produced with a stable rate of 4.4 mMC day-1 for 14 days. In the case of isobutyraldehyde, even 

50 mMC was produced in the stationary phase, almost 85% of the total product titer, with a sta-

ble rate of 7.2 mMC day-1 for 6 days. This underlines the importance lying in the understanding of 

the underlying regulation leading to those carbon fluxes. 

Nowadays, racemic 1,2-propanediol is produced by hydration of propylene oxide. Therefore, the 

precursor propylene oxide is either produced by the chlorohydrin process or the hydroperoxide 

process. Both processes are based on petrochemical resources, use hazardous chemicals, and 

produce unwanted byproducts (Saxena et al., 2010). 

Biotechnological production of 1,2-propanediol has the advantages that it is based on renewable 

resources and that it does not apply hazardous chemicals. Additionally, biotechnological routes 

enable the enantioselective production of either the (R)- or (S)- enantiomer of 1,2-propanediol. 

Nevertheless, it is economically not competitive in comparison to the chemical process, due to 

the high costs of the raw materials (carbohydrates), slow reaction rates, and significantly lower 

product titers leading to higher downstream costs. 

The fermentation of carbohydrates to 1,2-propanediol could be shown in different organisms, 

including recombinant strains like E. coli, Corynebacterium glutamicum, and S. cerevisiae, and 

wild-type strains like Thermoanaerobacterium thermosaccharolyticum. With the exception of 
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T. thermosaccharolyticum were up to 7.9 g L-1 were produced, the final titer was below 2 g L-1. 

Additionally, the yield on glucose is relatively low because part of the glucose has to be used for 

biomass formation and to provide energy and reduction equivalents for the reaction. A maximal 

theoretical yield of 1.0 or 1.4 mol mol-1 glucose can be achieved under anaerobic or aerobic 

conditions, respectively (Cameron et al., 1998). 

Alternatively, 1,2-propanediol can be produced from CO2 by photoautotrophically growing 

strains as showed in this study. Thereby, there is no need for expensive carbon sources, and the 

light reactions of photosynthesis provide the energy. Photofermentative production of 1,2-

propanediol could be established in Synechococcus elongatus PCC 7942 and 0.15 g L-1 were 

produced (Li and Liao, 2013). With the new biocatalyst Synechocystis PG developed in this study, 

the final titer could be improved to almost 1 g L-1, which is close to the values reached in 

recombinant heterotrophic production processes. 

Finally, photofermentative production of chemicals cannot compete with the space-time yield 

(STY) of a chemical process. Therefore, the cost reduction due to material input, reaction 

conditions, or the environmental benefit have to outweigh this drawback. At the current state, 

the performance of PMCFs is insufficient for an industrial application in general. A significant 

increase in final product titers is needed, which will require a better understanding of the carbon 

and energy fluxes in a photoautotrophic cell. An improved understanding might enable rational 

strain engineering to finally increase the titers of PMCFs to a point were commercial realization 

becomes feasible.  
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7.1 List of abbreviations 

Abbreviation Meaning 

1,3-BPG 1,3-bisphosphoglycerate 

AB antibiotics 

Amp ampicillin 

ATP adenosine triphosphate 

BCP 1-bromo-3-chloropropane 

BSTFA N,O-bis-trimethylsilyl-trifluoroacetamide 

CDW cell dry weight 

CLSM confocal laser scanning microscopy 

CoA coenzyme A 

CP circular pond 

DHAP dihydroxyacetone phosphate 

DIC dissolved inorganic carbon 

DMSO dimethyl sulfoxide 

FDM fused deposition modeling 

FDR false discovery rate 

FPBR flat-panel photobioreactor 

FPR flat-panel reactor 

G1P glucose-1-phosphate 

GAP glyceraldehyde-3-phosphate 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

GFP green fluorescent protein 

GLG glycogen 

Gly glycogen 

GMO genetically modified organism 

HC high carbon 

HeTR helical tubular reactor 

HL high light 

HTR horizontal tubular reactor 

IPTG isopropyl β-D-1-thiogalactopyranoside 

Km kanamycin 

LC low carbon 

LED light emitting diodes 

LL low light 

MBDSTFA N-methyl-N-tert-butyldimethylsilyl-trifluoroacetamide 

MFC mass flow controller 

NADH nicotinamide adenine dinucleotide 

NADPH nicotinamide adenine dinucleotide phosphate 

NIR near-infrared 
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Abbreviation Meaning 

OD optical density 

OD750 optical density at 750 nm 

PA polyamide 

PAR photosynthetic active radiation 

PCR polymerase chain reaction 

PDO 1,2-propanediol 

PG propylene glycol 

PHB polyhydroxybutyrate 

PLA polylactic acid 

PMFC photosynthetic microbial cell factory 

RP raceway pond 

RuBisCO ribulose-1,5-bisphosphate carboxylase/oxygenase 

SLS selective laser sintering 

Sm streptomycin 

SPE single-photon excitation 

STPBR stirred tank photobioreactor 

STR stirred tank reactor 

Synechococcus Synechococcus elongatus PCC 7942 

Synechocystis Synechocystis sp. PCC 6803 

Tc tetracycline 

TCA cycle tricarboxylic acid cycle 

TFA trifluoroacetic acid 

TMCS trimethylchlorosilane 

TPE two-photon excitation 

TR tubular reactor 

VTR vertical tubular reactor 

vvm volume volume-1 minute-1 

αTR alpha-shaped tubular reactor 
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7.2 List of symbols 

Symbol Meaning Unit 

c concentration mol L-1 

ccell # concentration based on cell number 108 ml-1 

cI correction factor - 

cmax maximal concentration mol L-1 

13CO2 labeled CO2 - 

nCO2 natural CO2 - 

cx biomass concentration mol l-1 

DH hydraulic diameter mm 

gCDW mass of cell dry weight g 

H water film thickness µm 

HCO2
cp Henry coefficient for CO2 mol m-3 Pa-1 

I light intensity µmol m-² s-1 

I0 initial incident light intensity µmol m-² s-1 

JCO2 diffusion flux of CO2 mol m−2 s−1 

K0 overall light attenuation coefficient mm−1 

K1, K2 equilibrium constant varying 

kLA volumetric gas transfer coefficient m−2 s−1 

m mass g 

Mc c-molar concentration mol C L-1 

OD750,max maximal OD750 measurement - 

p pressure bar 

pCO2 partial pressure of CO2 bar 

r rate, either production or turnover   mMC d-1 

R gas constant J  K−1 mol−1 

rL  linear growth rate h-1 

rmax maximum rate mMC d-1 

RP radius of the particle µm 

S salinity gsalts kgsolution
-1 

T temperature Kelvin 

v flow velocity mm min-1 

YP/S yield of product on CO2 - 

YP/X yield of product on biomass - 

z position - 
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Greek symbols 

Symbol Meaning Unit 

αx biomass specific light absorption coefficient m2·mol−1 𝜸 surface tension of water N m-1 

µ exponential growth rate based on OD750 measurements h-1 

µcell # exponential growth rate based on cell number h-1 

µv dynamic viscosity of water Pa s 

sinφ sin(θ-φ) filling angle and contact angle - 
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7.5 Additional figures and tables 

 

Figure 7-1: Growth and production after addition of varying amounts of 1,2-propanediol 

(A) Growth (OD750) of Synechocystis PG cultures in YBG11 after addition of 0, 10, 25, 50 mM 1,2-propanediol (B) 1,2-propanediol 

concentrations during cultivation. Mean values and standard deviation of 2 biological replicates are shown (C) 1,2-propanediol 

production rates. 
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Figure 7-2: Influence of different light intensities on the growth of Synechocystis PG in an atmosphere with ambient CO2 

Optical density and cell concentration on a linear (left column) and logarithmic scale (right column) measured during shaking flask 

cultivations with Synechocystis PG. The light intensity is increased stepwise during cultivation. The final light intensities supplied 

were 50, 100, 150, and 250 µmol m-2 s-1, increasing from the top to the bottom row. Cultivation took place at 30°C, 150 rpm, 75% 

humidity, and under ambient CO2 in the atmosphere. 
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