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Zusammenfassung 

Cyanobakterien sind vielversprechende Kandidaten für die biotechnologische Umwandlung 
von CO2 in Plattformchemikalien sowie hochwertige Produkte. Neben ihrer photosynthetischen 
Lebensweise, die maßgeblich zur Fixierung von atmosphärischem Kohlenstoff beiträgt, sind sie 
morphologisch vielfältig, bevölkern viele Nischen auf der Erde und haben ein enormes 
Potenzial als alternative mikrobielle Chassis-Organismen. Ihr umfangreiches Membransystem 
und die Verwandtschaft zu pflanzlichen Chloroplasten macht sie besonders geeignet für die 
Produktion von Terpenoiden, einer großen Klasse sekundärer Metabolite. Die Biosynthese von 
Terpenoiden hat in letzter Zeit aufgrund ihres attraktiven Potenzials als Inhaltsstoff in 
Lebensmitteln, Medikamenten und Kraftstoffen mehr Aufmerksamkeit auf sich gezogen. 
Allerdings sind die Ausbeuten in heterologen mikrobiellen Produktionssystemen oft gering. Um 
die Produktivität des mikrobiellen Chassis zu steigern, gibt es viele metabolic engineering 
Strategien, die angewendet werden können. Dazu gehören in silico-Ansätze wie flux balance 
Analysen, Überexpression von relevanten Genen oder gezieltes Entfernen unerwünschter 
Nebenreaktionen, aber auch Strategien, die auf eine globalere Veränderung des Organismus 
abzielen. In meiner Dissertation beschreibe verschiedene Ansätze, den einzelligen 
Modellorganismus Synechocystis sp. PCC 6803 zur Herstellung verschiedener Terpenoide zu 
modifizieren. Im ersten Ansatz wurde der metabolische Fluss durch CRISPR-vermitteltes Gen-
Silencing vom Carotinoid-Biosyntheseweg zum Vorläufer FPP umverteilt. Das neu verfügbare 
FPP wurde dann durch Überexpression der Valencen-Synthase aus einer Kiefer, Callitropsis 
nootkatensis, in das heterologe Sesquiterpen Valencen umgewandelt. In einem zweiten Ansatz 
wurde die Akkumulation von Squalen, der universelle Vorläufer für Triterpene, optimiert. Dies 
erfolgte durch Auswertung der metabolischen Flussverteilung durch flux balance Analysen. Die 
identifizierten Ziele wurden systematisch überexprimiert, und ihre Wirksamkeit wurde durch 
Messung des Produktoutputs bewertet. Im letzten Teil wurde ein globalerer Ansatz gewählt. 
Die Schlüsselenzyme, Topoisomerasen, die auf die DNA-Supercoiling-Homöostase von 
Bakterien einwirken, wurden manipuliert, um das globale negative Supercoiling zu reduzieren 
und dadurch die Supercoiling-Homöostase zu verändern. Die Auswirkungen auf die Verteilung 
des ATP/ADP-Verhältnisses sowie des Energiespeichers Glykogen wurden ausführlich 
charakterisiert. Die gezielte Manipulation des DNA-Supercoiling ermöglichte es, 
Veränderungen in der Physiologie, den Expressionsmustern und der Morphologie 
herbeizuführen. Insgesamt stellt diese Arbeit einen wichtigen Baustein für die Entwicklung einer 
cyanobakteriellen Plattform für die Photoproduktion von Terpenoiden dar. 



Abstract 

Cyanobacteria are highly promising candidates for biotechnological conversion of CO2 to 
platform chemicals, as well as high-value products. Next to their photosynthetic lifestyle, which 
contributes significantly to the fixation of atmospheric carbon, they are morphologically diverse, 
inhabit many niches on Earth and have a huge potential as alternative microbial chassis 
organisms. Their extensive membrane system and ancestral relation to plant chloroplasts 
makes them especially suitable for the production of terpenoids, a large class of secondary 
metabolites. The biosynthesis of terpenoids has drawn more attention recently due to its 
appealing potential as an ingredient in food, medicine, and fuel. However, yields are often low 
in heterologous microbial production systems. To increase the productivity of microbial chassis, 
there are many metabolic engineering strategies that can be applied. This includes in silico 
approaches such as flux distribution analyses, overexpression of genes of interest or targeted 
removal of undesired side reactions, but also strategies aiming towards a more global change 
in the organism. In my thesis, I describe my efforts to modify the unicellular model 
cyanobacterium Synechocystis sp. PCC 6803 to produce various terpenoids. In the first 
approach, metabolic flux was redistributed from the carotenoid biosynthesis pathway towards 
the precursor FPP by CRISPR-mediated gene silencing. The newly available FPP was then 
converted to the heterologous sesquiterpene valencene by overexpressing valencene 
synthase from a pine tree, Callitropsis nootkatensis. In a second approach, accumulation of 
squalene, the universal precursor for triterpenes, has been optimized. This was done by 
evaluating metabolic flux distribution through flux balance analysis. The identified targets were 
systematically overexpressed, and their effectiveness was evaluated by measuring product 
output. In the final part, a more global approach was chosen. Targeting the DNA supercoiling 
homeostasis of bacteria, the key enzymes, topoisomerases, were manipulated to reduce global 
negative supercoiling, thereby altering supercoiling homeostasis. The effects on the distribution 
of the ATP/ADP ratio, as well as the energy storage compound glycogen, were characterized 
extensively. The targeted manipulation of DNA supercoiling made it possible to induce changes 
in physiology, expression patterns, and morphology. Overall this work represents an important 
building block to the development of a cyanobacterial platform for photoproduction of 
terpenoids.
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1 Chapter 1 

Introduction 

1.1 Cyanobacterial potential for biotechnological application 

Cyanobacteria are photosynthetic prokaryotes that use sunlight to transfer electrons from water 
to carbon dioxide. These reduced carbon molecules provide the basis for the formation of all 
organic molecules in the cell1. Morphologically, they comprise a very diverse but at the same 
time highly specialized group. They inhabit a vast number of different natural environments and 
the types of appearance range from unicellular, filamentous to colonial strains2. Since some of 
them can fix atmospheric nitrogen, they are often used as model organisms for studying 
nitrogen fixation3. At the same time, the focus of cyanobacterial research has shifted more and 
more toward the development of industrially usable platform organisms in the last decade. The 
photosynthetic way of life and the simultaneous morphological and physiological diversity make 
cyanobacteria a rich source of various naturally occurring molecules such as pigments and 
vitamins4. Since new synthetic biology tools for cyanobacteria have been developed over the 
past ten years, they are not only suitable as a source for a natural variety of potentially bioactive 
molecules but are also suitable for applied biotechnology5. Through targeted modification of 
the genome of cyanobacteria, the captured chemical energy of photosynthesis can be 
redirected, for example, into the production of low-structural molecules such as alcohols, 
sugars, and fatty acids, but also for the synthesis of highly complex structures such as plant 
secondary metabolites, e.g. terpenoids6(p2). Terpenoids are derived from the five-carbon 
compound isoprene, and are the largest class of secondary plant metabolites, many of which 
have important biological activities7. Extracting them from plant material is challenging in that 
the secondary metabolites are only present in small amounts - therefore this method is 
inefficient. Using cyanobacteria instead of plants to produce valuable compounds, or even 
phytochemicals has several advantages8. The energy efficiency to generate solar energy in 
biomass is much lower in land plants compared to cyanobacteria. The efficiency of 
cyanobacteria is 3-9% whereas that of land plants is only <0.5% and at the same time no energy 
is used for the production of stems and roots1. This saves energy and waste in downstream 
processing. They are easier to genetically modify and can grow all year. Another advantage is 
that the cultivation of cyanobacteria does not compete with the production of food because they 
do not require arable land. Areas that are completely unsuitable for agriculture as a growing 
area could also potentially be suitable. Desert regions with high solar intensity or coastal regions 
in which some species can be cultivated with seawater are two examples9. In addition to the 
advantages of cultivation and efficiency of energy use, cyanobacteria are highly suitable for the 
synthesis of heterologous terpenoids due to their physiological properties stemming from the 
phototropic way of life. Specifically, the large intracellular membrane system required for 
photosynthesis is excellent for synthesizing these hydrophobic terpenes10,11. Many of the 
terpene synthases required for synthesis of e.g. triterpenes form multiple products from a single 
substrate because of multiple potential rearrangements of the carbon backbone. In addition, 
further modifications can be carried out by heme-containing cytochrome P450 
monooxygenases (CP450), thus resulting in a further variety of terpenes12.  These CP450 are 
directly dependent on the reduction of NADPH by a NADPH-P450 oxidoreductase and NADPH 
can be provided directly by photosynthesis in cyanobacteria13. At the same time, the intrinsic
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isoprene metabolism responsible for native carotenoid biosynthesis can effectively provide 
precursor molecules for the synthesis of heterologousterpenoids14 

1.2 Isoprenoid metabolism 

There are two ways to produce the terpenoid precursor molecules isopentenyl pyrophosphate 
(IPP) and dimethylallyl pyrophosphate (DMAPP). On the one hand there is the mevalonate 
(MVA) pathway used by eukaryotes, archaea and some bacteria15. On the other hand, there is 
the methylerythritol-4-phosphate (MEP) pathway used by most bacteria, including 
cyanobacteria, as well as plant plastids, who share a common ancestor with cyanobacteria. In 
higher plants, both the MEP and MVA pathways generate precursors for the biosynthesis of 
isoprenoids16. 
 

1.2.1 Terpenoid precursor synthesis through the mevalonate pathway

In the first step of the MVA biosynthetic pathway, two acetyl-CoA molecules are condensed by 
a thiolase to form acetoacetyl-CoA17. Thereafter, acetoacetyl-CoA and a third molecule of acetyl-
CoA are converted to HMG-CoA by a -hydroxy- -methylglutaryl-CoA synthase (HMGS). 
HMG-CoA is then reduced to mevalonate by HMG-CoA reductase (HMGR)18. After two 
phosphorylation steps, mevalonate is converted to IPP by decarboxylation and dehydration. 
Isopentenyl pyrophosphate isomerase (IPI) then establishes the equilibrium between IPP and 
DMAPP since both are required for the later reaction steps19. Nevertheless, the MEP route has 
a higher utilization of carbon with an almost 50% higher stoichiometric carbon yield compared 
to the MVA route20. 
 

1.2.2 Terpenoid biosynthesis in Synechocystis 6803

The cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis hereafter) has become the 
focus of many areas of research. This freshwater cyanobacterium was the first phototrophic 
organism to be completely sequenced. It is easy to genetically modify due to its ability to take 
up native exogenous DNA and incorporate it into the genome via homologous recombination. 
In addition, certain broad-host-range plasmids can be used in this organism21. In the MEP 
pathway of Synechocystis (Fig. 1), DMAPP and IPP are formed from pyruvate and 
glyceraldehyde 3-phosphate (G3P) via seven enzymatic steps22. In the first step, the rate-
limiting enzyme 1-deoxy-D-xylulose-5-phosphate synthase (Dxs) catalyzes G3P and pyruvate 
to  1-deoxyxylulose-5-phosphate  (DXP)23. DXP is converted into 2-methylerythritol-4-
phosphate (MEP) by DXP-reductase (Dxr) under consumption of NADPH. By coupling the co-
factor cytidine triphosphate (CTP) to MEP, 4-pyrophosphocytidyl-2-C-methyl-D-erythritol 
(CDP-ME) is formed , which is phosphorylated to 4-pyrophosphocytidyl-2-C-methyl-D-
erythritol (CDP-MEP), then cyclized to 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate 
(MEcPP) via the 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate synthase (IspF) and 
reductively dehydrated to form 4-hydroxyl-3-methylbut-2-enylpyrophosphate (HMB-PP) via 
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the  4-hydroxy-3-methylbut-2-enyl pyrophosphate synthase (IspG). HMB-PP is further 
converted to IPP and DMAPP by HMB-PP reductase (IspH)24. The bacterial homolog of the 
enzyme IPI previously mentioned in the MVA pathway, which shares the same name, also 
maintains the stoichiometry between IPP and DMAPP, preventing over-accumulation or 
depletion of either. The 5-carbon (C5) molecules IPP and DMAPP serve as the universal 
precursor for all terpenoids. The first C10 geranyl pyrophosphate (GPP) is formed by 
combination of the two monomers by the enzyme geranylgeranyl pyrophosphate synthase 
(CrtE). CrtE is responsible for the further responsible for the enzymatic polymerization by chain 
elongation25. In this process, C15 farnesyl pyrophosphate (FPP) is formed from GPP by the 
addition of another IPP molecule. By addition of one more IPP molecule to FPP, C20 
geranylgeranyl pyrophosphate (GGPP) is created. While there is a significant carbon flux 
towards this pathway in Synechocystis, the majority is directed towards growth and biomass 
formation and therefore is shuttled towards molecules relevant for molecules involved in 
photosynthesis and membrane biosynthesis26. FPP serves as a central precursor for hopanoid 
synthesis.  First, squalene synthase (Sqs) catalyzes the linear  precursor squalene from two FPP 
molecules via the intermediate presqualene pyrophosphate in an NADPH-dependent step27. 
Squaleneis then cyclized by squalene-hopene cyclases (shc) to form the pentacyclic 
hopanoid28. In Synechocystis, hopanoids modify plasma membrane properties, functionally 
analogous to steroids found in eukaryotes. GGPP, on the other hand, is the main branching point 
of carotenoids, the phytol side chain of chlorophyll, phylloquinone and the start of tocopherol 
synthesis. At the beginning of the biosynthesis pathway towards carotenoids, the colorless 
tetraterpene phytoene, which is formed from two units of GGPP, is condensed by the phytoene 
synthase (crtB). This is followed by sequential desaturation and isomerization to lycopene. 
Lycopene represents a branching point in the carotenoid biosynthesis pathway. By gradually 
introducing hydroxyl and keto groups, a large number of different carotenoids can be 
produced. In Synechocystis, β-carotene, myxoxanthophyll, zeaxanthin and echinenone are 
among the most common carotenoids11. Four tocopherols (α, β, δ, γ) are produced in 
Synechocystis. Although the precise function of each tocopherol in cells is not fully understood, 
it is known that they are involved in protection against lipid peroxidation, cold tolerance, 
and   may optimize photosynthetic activity29,30. All tocopherols are synthesized from the 
precursor 6-methyl-6-phytyl-1,4-benzoquinol using phytyl pyrophosphate and homogentisate. 
Phytyl pyrophosphate, in turn, is synthesized by chlP via GGPP31,32. Phytyl pyrophosphate also 
serves as a precursor for the synthesis of the phytol tail of chlorophyll  and phytyl 
pyrophosphate, together with chorismate, form the electron acceptor phylloquinone, both of 
which are integral to photosynthesis33,34. 
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Figure 1: Bacterial terpenoid metabolism. Black arrows indicate enzymatic reactions, grey arrows indicate 
conversions involving co-factors. Protein names are shown in blue, intermediates are indicated in bold. Dotted 
arrows indicate multiple intermediate reaction steps, while multiple dotted arrows additionally indicate multiple 
branching steps. Metabolite abbreviations: G3P: glyceraldehyde 3-phosphate , DXP: 1-deoxyxylulose-5-phosphate 
, MEP: 2-methylerythritol-4-phosphate, CDP-ME: 4-pyrophosphocytidyl-2-C-methyl-D-erythritol, CDP-MEP: 
methylerythritol-4-phosphate, MEcPP: 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate, HMBPP: (E)-4-Hydroxy-3-
methyl-but-2-enyl pyrophosphate , DMAPP: dimethylallyl pyrophosphate, IPP: isopentenyl pyrophosphate, GPP: 
geranyl pyrophosphate, FPP: farnesyl pyrophosphate, GGPP: geranylgeranyl pyrophosphate, Enzyme 
abbreviations: Dxs: 1-deoxy-D-xylulose-5-phosphate synthase, Dxr: DXP-reductase, IspD: 2-C-methyl-D-erythritol 
4-phosphate cytidylyltransferase , IspE: 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, IspF: 2-C-methyl-D-
erythritol 2,4-cyclopyrophosphate synthase, IspG: 4-hydroxy-3-methylbut-2-enyl pyrophosphate synthase, IspH: 
HMB-PP reductase, Ipi: Isopentenyl pyrophosphate isomerase, CrtE: geranylgeranyl pyrophosphate synthase, Sqs:  
squalene synthase, Shc: squalene-hopene cyclases, CrtB: phytoene synthase, ChlP geranylgeranyl reductase. 

1.3 Plant terpenoids and their industrial application 

Terpenes, a chemically diverse group of metabolites, are utilized in plants for mutual and 
antagonistic interactions between plants and the environment and have an impact on their 
developmental physiology35. They also play a role in protection from phototoxicity in 
photosynthesis, regulation of membrane fluidity, and electron transfer in the respiratory chain 
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and in photosynthesis36. Plants form one of the richest sources of various terpenes, and together 
with aromatic compounds, form the essential oils. The highest concentrations in plant tissues are 
found in the specialized storage cavities of the leaves37. The synthesis of terpenoids is catalyzed 
by specific terpene synthases, which convert prenyl pyrophosphates into terpenoids of the 
various terpene classes38. So far, over 55,000 different structures are known and the terpene 
classes can be divided into hemiterpenes, monoterpenes, sesquiterpenes, diterpenes, 
triterpenes and tetraterpenes based on the number of carbon atoms24,39(Fig. 2). Hemiterpenes, 
which are made up of a single terpenoid unit containing five carbon atoms, are the smallest 
terpenoids. The enzyme isoprene synthase, which catalyzes the conversion of DMAPP to 
isoprene, has been discovered to be present in a variety of plant species40,41. When plants are 
under heat stress, isoprene production is induced, and plants release it into the 
environment42.  The largest class of plant secondary metabolites is called monoterpenes43. They 
are produced by condensation of IPP and DMAPP or by condensation of two DMAPP monomers 
and have a carbon content of ten. These substances have a vast variety and are found in 
significant amounts in   plant extracts and essential oils44. Sesquiterpenes, which have 15 
carbons, have been discovered to support a variety of biological processes45. They are 
produced by condensation of one more IPP monomer with the C10 monoterpene GPP to 
produce FPP, the precursor of all sesquiterpenes. Numerous species, including representatives 
of the  cyanobacterial phylum, have been used for the production of the sesquiterpene-derived 
alcohol known as geosmin, known for its typical earthy or musty odor present after rain46. The 
C20 hydrocarbons known as diterpenoids are created when an IPP and an FPP molecule are 
combined to form GGPP. Diterpene synthases and CP450 are two sets of enzymes that, in 
combination, cause a high structural variability47. Through the condensation of two molecules of 
FPP, the 30-carbon hydrocarbon squalene is formed. In turn, squalene acts as a precursor for 
the synthesis of triterpenoids, such as eukaryotic sterols  which are vital to cell membrane 
structure, and functions as a precursor for fat-soluble vitamins48. Phytoene, which is produced 
by two C20 GGPP, is the source of tetraterpenes with 40 carbons. The family of substances 
known as carotenoids is one group of tetraterpenes with roles in light absorption, antioxidative 
activity, synthesis of plant hormones, and as structural elements in membranes49. 
 

 
FFigure 2: Lower isoprene precursor pathway. Dotted arrows indicate the terpenoid families branching off of the 
central precursors. DMAPP: dimethylallyl pyrophosphate, IPP: isopentenyl pyrophosphate, GPP: geranyl 
pyrophosphate, FPP: farnesyl pyrophosphate, GGPP: geranylgeranyl pyrophosphate
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Many of these terpenes are industrially extracted and commercially used as agrochemicals, 
fragrances, nutraceuticals, and pharmaceuticals18,50. Terpenoids such as lutein, lycopene and 
astaxanthin are used as nutraceuticals and a variety of monoterpenes and sesquiterpenes such 
as menthol, d-limonene, -farnesene, valencene and nootkatone are used as fragrances and 
flavors51. Also, terpenes such as limonene, myrcene and farnesene can be used in their 
hydrogenated forms as alternative fuels52,53. Artemisinin is particularly noteworthy. This 
sesquiterpene is naturally produced by the Artemisia annua plant, and its derivative acts as a 
potential antimalarial agent54. Using a heterologous mevalonate pathway derived from yeast, 
high levels of amorpha-4,11-diene, an artemisinin precursor, were produced in Escherichia coli 
(E. coli)55. These plant-derived terpenes represent a sustainable alternative to those chemically 
produced from petrochemicals, as no additional CO2 is released during production56. Chemical 
synthesis of these compounds is often non-trivial due to their complex structural and 
stereochemical properties57. The availability of natural terpenoids is typically constrained due 
to the time-consuming extraction processes required to separate them from their original plant 
sources58. Furthermore, naturally derived terpenes are often not feasible from a commercial 
standpoint due to the low yield of the specific terpenes. For example, approximately 400,000 kg 
of grapefruit are required to extract 1 kg of nootkatone59.Although in recent years there have 
been significant breakthroughs in new technologies in plant research, such as the improvement 
of genome modification tools like CRISPR/Cas, the heterologous production of these plant 
terpenes in microorganisms represents a commercially cheaper and more productive 
alternative60. The reason for this is, for example, that constant availability, as a result, a stable 
price cannot always be realized due to the varying availability of agricultural raw material. At 
the same time, volatile substances such as isoprene or monoterpenes are difficult to capture 
from plants. Microorganisms that are grown in a bioreactor have a clear advantage due to the 
closed system61,62. Production in heterologous microbial hosts is an attractive option as they are 
easy to handle, grow, and generally have a simpler metabolism compared to plant hosts. 
Engineering genetically tractable microbial systems has led to significant advances in the 
reconstruction of metabolic pathways in microorganisms63 
 

 
“The discovery of artemisinin was an example of successful collective efforts” 

Tu Youyou (Winner of the Nobel Prize in Physiology or Medicine 2015) 
 

1.4 Heterologous photoproduction of terpenoids 

Heterotrophic production chassis such as E. coli and Saccharomyces cerevisiae (S. cerevisiae) 
offer many advantages for sustainable terpene production64. Especially S. cerevisiae is 
particularly interesting for the synthesis of terpenoids. Due to the endoplasmic reticulum in 
eukaryotes, yeast is particularly suitable for the heterologous expression of membrane-
localized cytochrome P450s. At the same time, however, the availability of NADPH in most 
heterotrophic bacteria and yeast cells is a limiting factor required for enzyme activity of, for 
example, CP450s65. The unique advantage of phototrophic microorganisms like cyanobacteria 
is that they obtain energy from light and NADPH can be provided directly through 
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photosynthesis.  Since terpenoid synthesis requires relatively more NADPH than ATP, lowering 
the ATP/NADPH ratio could provide a balanced cofactor pool. One example to increase NADPH 
production is to overexpress specific  enzymes in the malic enzyme pathway and 
simultaneously knocking out the alternative pyruvate kinase pathway to generate a net increase 
NADPH and net decrease in ATP66. In addition, the use of atmospheric CO2 as a carbon source 
offers a particularly sustainable production chassis, since a reduced carbon source must be 
made available for heterotrophic organisms. As already described in the previous chapter, 
cyanobacteria have relevant building blocks for heterologous terpenoid synthesis through the 
intrinsic photopigment metabolism and, through the thylakoid membrane, offer storage for 
hydrophobic compounds and enzymes embedded in membranes67,68. 
At the same time, the photosynthetic way of life is the biggest bottleneck for commercial 
production. In phototrophic cultivation, self-shadowing effects and CO2 availability may lead to 
limited cell growth and reduced production. In addition to the expansion of new strategies in 
metabolic engineering, new approaches to lighting and cultivation conditions are essential. This 
optimization of lighting conditions can help to improve the biosynthesis of terpenoids in 
cyanobacteria. Approaches include adjustment of the light intensity, the light emission spectrum 
or to run different light-dark cycles. Thus, by cultivating Synechocystis under high light 
conditions, the yield of patchoulol production could be doubled compared to cultivation under 
low light conditions69. Also, cultivation in a simulated outdoor light-dark cycle could increase -
bisabolene productivity compared to a continuous light cycle in Synechocystis70.  
Another challenge for heterologous terpenoid production lies in the carbon distribution during 
photosynthesis, since in Synechocystis only about 5% of the photosynthetic carbon is available 
for terpene biosynthesis. By far the largest portion goes into the sugar biosynthetic pathways, 
with more than 80% of the fixed carbon being used for the accumulation of biomass26. A common 
carbon flux redirection strategy is to remove competing pathways for the desired product. By 
removing the glycogen biosynthetic pathway, preventing the formation of the energy storage 
compound glycogen, an important carbon sink, lactic acid production in Synechocystis could 
be doubled71,72. At the same time, the production of terpenes competes with the essential 
photosynthetic pigments such as chlorophyll and carotenoids, since the same precursor 
metabolites are used25. It could be shown that the production of terpenes reduced the 
photosynthetic pigments and reduced cell growth as a result73. This also affects the production 
of terpenoids, so in addition to increasing terpene precursors, there is also a need to balance 
carbon flow between product and pigment synthesis74.  

1.5 Strategies in metabolic engineering of bacteria towards terpenoid 
production 

The field of Metabolic Engineering is primarily focused on enhancing the biological production 
of value-added chemicals and optimizing metabolic pathways, rerouting intracellular fluxes and 
improving cell properties for industrial applications75. To increase the production of terpenoids, 
it is crucial to increase the amount of the precursors IPP and DMAPP76,77. In cyanobacteria, most 
studies focus on optimizing the native MEP pathway to increase terpene precursors51. By 
overexpressing key enzymes such as Dxs and Ipi, the production of, for example, isoprene, -
farnesene, lycopene and -carotene in E. coli could be increased. Similar results could be 
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achieved by overexpression of the native dxs gene in Synechococcus elongatus PCC 7942. 
There, the isoprene yield could be increased significantly78. Although Dxs and Idi were the main 
genes of interest, the overexpression targets for the MEP pathway varied depending on the 
products79–81. When metabolic engineering improves a reaction rate, the remaining reaction 
rates share the pathway control, except when there is a single rate-limiting step controlling the 
pathway. A combinatorial and systematic optimization of the metabolic pathway is required to 
avoid this problem. The DXP synthase in the MEP pathway, the entry enzyme that acts as a 
pathway-controlling step, is tightly regulated by IPP and DMAPP via feedback inhibition82. In 
addition to the MEP pathway, access to these precursors could also be provided via the MVA 
pathway, which can be expressed heterologously in bacteria83. In the MVA pathway, the rate-
limiting steps are tightly regulated by free CoA and HMG in the conversion of intermediates by 
HMGR and HMGS84 (see 1.2.1). In order to reduce the inhibition of their expression, these key 
enzymes are the focus of metabolic engineering and are investigated by overexpression or the 
introduction of mutations85. Moreover, the terpene production can be influenced by the carbon 
source and the energy balance. In the MEP-pathway, generation of 1 IPP or DMAPP requires 
NADPH in three reaction steps, while only one step requires NADPH in the MVA pathway. 
However, the MEP route is more efficient in producing one mole of IPP: For production, 1.5 mol 
glucose is used in the MVA pathway, whereas the MEP pathway only consumes 1.25 mol 
glucose51. 
Another approach in metabolic engineering is varying expression levels of each individual 
metabolic gene, taking into account individual speed of each reaction and thereby optimizing 
metabolic flux through the entire pathway. Using titratable genetic systems, lycopene 
production could be optimized iteratively in E. coli. Different metabolic genes were each put 
under the control of a different inducible system and each was subjected to different inducer 
concentrations and productivity was assessed. After each iteration, the optimal combination of 
inducer concentrations was identified and refined to a higher resolution. After four iterations, 
lycopene productivity was increased by 90 mg/L86. While this approach is more of a bottom-up 
approach making use of rationally designed systems, the top-down approach takes into account 
metabolic network models that make use of organism-wide information. Metabolic network 
models and metabolic fluxes are essential concepts in metabolic engineering. Both 
computational and analytical experimental approaches can help explore the capabilities of 
biological systems through the analysis of metabolic network models. Furthermore, 
stoichiometric data are sufficient for certain genome-scale metabolic models, and have the 
advantage that they are computationally inexpensive87,88. For example, constraint-based flux 
balance analysis (FBA) has been successfully used as a tool to understand and analyze 
metabolic pathways and, moreover, to identify bottlenecks and narrow down the options of 
potential overexpression and gene deletions targets to increase terpenoid production75,89,90. 
Along with the rapid advances in microbial engineering, the identification of novel terpene 
synthases can lead to the discovery of new terpenes and the resulting new applications64. To 
screen potential terpene synthase genes, high-throughput prediction approaches based on 
amino acid sequence similarity using metagenomic sequencing data have emerged91. 
However, this may exclude completely novel enzymes. In a functional metagenomic approach, 
screening of a library made it possible to isolate a novel -farnesene synthase from a 
metagenomic library that has no amino acid sequence similarity to known -farnesene 
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synthases92.  At the same time, it has proven difficult to engineer known terpene synthases 
towards novel functions, since a clear relationship between phylogenetic organization and 
catalytic specificities has yet to be deciphered93. Directed evolution has proven to be a suitable 
method for optimizing the performance of enzymes94. For example, the thermostability of a 
terpene synthase and the reaction conditions of another enzyme could be optimized by 
screening for cyclization activity by colorimetric read-out in cell lysates95. 
In summary, the selection of a suitable chassis organism depends strongly on the nature of the 
product to be synthesized64 and finding new microbial hosts to produce terpenoids is therefore 
intriguing. Cyanobacteria offer a good host for the production of plant-derived terpenes, given 
that the required enzymes’ natural environment, the chloroplast, is closely related to 
cyanobacteria96. 

1.5.1 Trade-off between growth and production 

Since the production of a desired metabolite is in resource allocation conflict with biomass 
production, it can be generalized that strains with high production grow slowly and strains with 
low product yield grow faster97. Both cell growth and product formation consume the same 
resources and require the same precursor metabolites. The strategy to avoid this dilemma is to 
establish a two-stage bioprocess. The aim is to decouple growth from production. In the first 
step, the cells with a fast growth rate are grown to the ideal biomass density98. In the next step, 
growth is stopped so that the resources that have become available can be used for product 
build-up. In Corynebacterium acetoacidophilum, in which the alternation of growth and 
production is part of its natural life cycle, succinate yield could be increased by changing from 
an aerobic growth stage to an anaerobic production stage99. Other strategies are used for other 
bacteria that do not have this natural regulation. In E. coli, product synthesis could be sustained 
while growth was inhibited by nutrient limitation100,101. Using a growth switch based on a serine 
recombinase from the bacteriophage phiC31, the origin of replication (oriC) could be 
permanently removed from the chromosome of E. coli. As a result, growth was stopped by the 
absence of replication and the metabolism was kept active. The change from the growth phase 
to growth arrest resulted in a reporter protein content that was five times higher than in the non-
switched cells102. Other approaches are the use of inhibitors or even the deletion of growth-
relevant genes. Because some of these genes are essential, the current approach is to take 
advantage of conditional lethality. The bacteria will only survive with or without certain 
substances103. A single gene deletion study performed in E. coli found that even the deletion of 
non-essential genes produced a loss in overall fitness104. An elegant method for temporarily 
silencing genes is enabled by CRISPR interference technology (CRISPRi). The catalytically 
inactive Cas9 blocks transcription using a specifically coding single-guide RNA on the desired 
gene105. A genome-wide CRISPRi library was used to systematically identify targets in E. coli 
that exhibited inducible reduced growth. Simultaneously, the production capacity of these 
strains was measured using GFP, identifying strains with growth-production decoupling 
capacity106. One identified candidate was gyrA, which as an essential gene cannot be deleted, 
but leads to inhibited growth when inactivated.  In cyanobacteria, the two main topoisomerases 
are encoded by gyrA/B (gyrase) and topA (topoisomerase I). While type I topoisomerases are 
involved in the relaxation of negatively supercoiled DNA, type II topoisomerases, also known 
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as DNA gyrases, actively introduce negative supercoils by hydrolyzing ATP. These two major 
players involved in the global and local regulation of DNA supercoiling are themselves 
intrinsically regulated by the topological state in the genomic region where they are encoded; 
While the gyrase genes are preferentially expressed from relaxed DNA along with GC-rich 
genes for growth and anabolic processes, topoisomerase I genes and AT-rich genes involved 
in catabolism are preferentially expressed from negatively supercoiled DNA, resulting in  DNA 
topology homeostasis107. In cyanobacteria, a connection between the diurnal expression pattern 
and oscillations in DNA supercoiling could be shown108.  A trend towards an increasing ATP/ADP 
ratio at lower gyrase expression levels in E. coli could be shown in Jensen et. al 1999. It was 
argued that the gyrase uses ATP as a substrate and the resulting reduced ATP requirement has 
an impact on the ATP/ADP ratio. However, at the same time, it could be shown that the growth 
rate was reduced at lower gyrase expression levels and that there was possibly an additional 
reduced ATP requirement109. Based on these observations, studying the interaction of 
supercoiling, growth rate and the ATP/ADP ratio may offer an interesting perspective for future 
production. 
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1.6 Aim 

The aim of my work was to establish a biotechnologically usable expression host, exemplified 
by the photoautotrophic model organism Synechocystis sp. PCC 6803.  
 

To examine how competing pathways release precursor molecules by reducing the 
transcripts via CRISPRi, and whether the production of the desired metabolites can be 
increased, the carotenoid biosynthetic pathway was specifically downregulated as 
proof-of-concept by reducing the transcript of the key enzyme in the terpenoid 
metabolism of Synechocystis. At the same time, the gap to the precursor molecules was 
to be closed by compensatory genes, which are heterologously overexpressed. The 
success of each modification, as well as combinations thereof, was assessed by 
measuring valencene production. 
Based on an in silico flux-balance analysis potential overexpression targets had been 
predicted. These predicted targets needed to be experimentally validated through the 
integration of the native genes in the genome of Synechocystis, resulting in 
overexpression. The target molecule squalene was used as a readout to verify the 
in silico predictions.  
The question whether reducing the growth rate of Synechocystis can free up resources 
for the production of metabolites remains unanswered. For this purpose, the regulatory 
mechanism of DNA supercoiling was decoupled from the energetic state of the cell by 
targeted overexpression or removal of two opposing topoisomerases. The resulting 
strains were characterized in detail with regards to their physiology and transcriptional 
response.  
 

The final goal was designing an organism by using metabolic engineering technology to 
simultaneously up- and downregulate relevant synthesis pathways that have a positive effect on 
production rates and that release further resources through controlled growth. 
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2.1 Photoproduction of the sesquiterpene valencene 

Using the cyanobacterium Synechocystis sp. In PCC 6803, we effectively present a 
multicomponent engineering strategy for the photoproduction of valencene. First, we used 
markerless genomic deletions of shc and sqs to increase flux towards valencene. Second, we 
used inducible CRISPRi instead of gene deletion on crtE to inhibit the production of carotenoids, 
which are necessary for cell survival. To ensure continuous production of the precursor FPP for 
valencene production, crtE was replaced by the heterologous ispA, which catalyzes the same 
reaction as crtE, but only up to FPP. Subsequently, by designing a fusion protein, we aimed to 
increase the spatial proximity of the two enzymes involved in the production of valencene, ispA 
and CnVS. Synechocystis was able to produce 19 mg/g DCW valencene by combining the most 
effective techniques.  

2.2 A systematic overexpression approach to increase squalene  

Flux balance analysis revealed possible genetic targets that were predicted to have a beneficial 
effect on squalene synthesis upon overexpression. Selected target genes were inserted into the 
Synechocystis Δshc genome, which is incapable of producing hopanoids, thereby rendering 
the cell incapable of further metabolizing squalene. As a proxy for increased metabolic flux 
towards terpene synthesis, squalene production was assessed. The genes, ispH, ispE, and ipi, 
which are genes of the MEP pathway, resulted in improvements in squalene production. The 
biggest gain in production was achieved by overexpression of the native squalene synthase 
gene (sqs) in Synechocystis Δshc, reaching a production titer of 13.72 mg L-1 Squalene.

2.3 Topoisomerase Expression Inhibits Cell Division but not Growth 

We modified DNA supercoiling in Synechocystis sp. PCC 6803 by either overexpression of 
topoisomerase I (topAOX) or targeted transcriptional downregulation of the two gyrase subunits 
using CRISPRi. All strains showed a characteristic halt on cell division, although cell growth 
persisted, resulting in a 4-fold increase in cell volume. The increased cell volume was further 
supported by flow cytometry and microscopy in all strains, which also showed a rise in the 
proportion of 8-shaped cells, further supporting a stop in cell division but not growth. These 
findings are in line with the fundamental assumptions of both the homeostasis and twin-domain 
models of bacterial supercoiling. Initially, topAOX resulted in the global upregulation of A+T-
rich genes and the downregulation of G+C-rich genes. Loss of DNA supercoiling had an effect 
on the amount of pigment, and the amount of ATP. Pigment levels dropped, while the ATP+ADP 
content increased. The strain topAOX, which showed the strongest effects, had significantly 
elevated levels of glycogen, comparable to those of cells that had been deprived of nitrogen. 
By manipulating DNA supercoiling, we were able to successfully reroute cellular resources, 
creating a viable platform for photoproduction. 
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Supporting Information 
Fig. S1: Supplementary information on the markerless mutants ∆shc and ∆shc, ∆sqs.
Fig. S2: Pigment quantification and growth behavior of the crtE knock-down strain.
Fig. S3: Western Blot and qRT-PCR analysis of IspA:CnVS fusion vs. operon strains.
Fig. S4: Mass spectra comparison of samples with reference 
Fig. S5: Physiological changes and valencene production in ∆∆ crtE IspA:CnVS-op +aTc.
Fig. S6: Quantification of possible valencene loss via evaporation or degradation
Supplementary Table S1: Cq values for shc and sqs in WT and knock-out strains.
Supplementary Table S2: Detailed descriptions and sequences of all relevant genetic modules used in this 
work.

Fig. S1: Supplementary information on the markerless mutants ∆shc and ∆shc, ∆sqs.
A: Schematic overview of markerless mutant genotypes. Arrows denote primers used for colony PCR.
B: PCR analysis of single and double mutant strains using oligonucleotides that bind outside of the affected area. Primer 
pair and expected sizes are shown above. Thermo 1kb+ ladder was used as size standard. C: Whole cell spectra of 
WT, ∆shc and double mutant. Spectra were baseline-corrected by subtracting the absorption at 750 nm. D: Spectra of 
methanol-extracted cells from WT, ∆shc and double mutant strains.
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Fig. S2: Pigment quantification and growth behavior of the crtE knock-down strain.
A: Carotenoid content of ∆shc, ∆sqs mutant expressing dCas9 only (WT) compared to ∆shc, ∆sqs mutant expressing 
both dCas9 and the crtE sgRNA, induced with 0, 10, and 100 ng/mL aTc. Carotenoids were quantified as described in 
Material & Methods, section 2.5. B: Growth behavior of aforementioned strains. 

Fig. S3: Western Blot and qRT-PCR analysis of IspA:CnVS fusion vs. operon strains.
A: Western Blot analysis of IspA:CnVS protein fusion (VS-fus) and IspA:CnVS operon (VS-op). The fusion protein N-
FLAG-IspA-CnVS corresponds to a size of ~105 kDa, while N-FLAG-IspA in the operon construct corresponds to about 
~35 kDa. B: ∆CQ values of qRT-PCR performed on both strains using either ispA or CnVS primers, as denoted below. 
∆CQ values were calculated by subtracting the CQ value of the housekeeping gene rnpB from each CQ value. A higher 
∆CQ value corresponds to a lower transcript amount.

A B
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Fig. S4: Mass spectra comparison of samples with reference.
Top: Mass spectra of wild type expressing CnVS. Bottom: Reference mass spectra of (+)-valencene. Middle: Direct 
comparison of top and bottom spectra.

Table S1: Cq values for shc and sqs in WT and knock-out strains.
Values represent the mean and standard deviation of three biological replicates. Cq values were obtained via qRT-
PCR. Sample values above 30 were defined as not containing any template.
Strain Target gene Cq value

Wild type
sqs 21.2
shc 21.8

∆shc
sqs 21.1
shc 33.4

∆shc; ∆sqs
sqs 31.5
shc 35.5

No template control sqs 34.4
shc n. def.
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Fig. S1: Physiological changes and valencene production in ∆∆ crtE IspA:CnVS-op +aTc. The strain was cultured in 
biological triplicates over five days in shake flasks overlaid with 10% dodecane. The dodecane layer, as well as the 
culture, were sampled daily for valencene quantification and cell density (OD750), respectively. A: Volumetric 
accumulation of valencene (square symbols, continuous line) and cell density (round symbols, dotted line). The 
volumetric production per day is shown as blue bars, corrected for the sample removed each day. B: Whole cell 
spectra of double mutant (green) and ∆∆ crtE IspA:CnVS-op +aTc (blue) after 120 h cultivation. Spectra were 
baseline-corrected by subtracting the absorption at 750 nm. An image of the cuvettes is embedded for better 
visualization of the color difference (left: double mutant, right: ∆∆ crtE IspA:CnVS-op +aTc).

Fig. S2: Quantification of possible valencene loss via evaporation or degradation. A dodecane sample containing 225 
μM valencene was used to overlay a Synechocystis wild type culture, which was grown for 48 h in technical triplicates. 
Both the initial sample (-) and the sample recovered from the culture (+) was measured and compared. The bars 
represent the mean of the three technical replicates, each of which is shown in grey. No significant difference was 
observed (t-test, P=0.39).
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A systematic overexpression
approach reveals native targets
to increase squalene production
in Synechocystis sp. PCC 6803
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Cyanobacteria are a promising platform for the production of the triterpene

squalene (C30), a precursor for all plant and animal sterols, and a highly attractive

intermediate towards triterpenoids, a large group of secondary plant

metabolites. Synechocystis sp. PCC 6803 natively produces squalene from

CO2 through the MEP pathway. Based on the predictions of a constraint-based

metabolic model, we took a systematic overexpression approach to quantify

native Synechocystis gene’s impact on squalene production in a squalene-

hopene cyclase gene knock-out strain (Dshc). Our in silico analysis revealed an

increased flux through the Calvin-Benson-Bassham cycle in the Dshc mutant

compared to the wildtype, including the pentose phosphate pathway, as well as

lower glycolysis, while the tricarboxylic acid cycle predicted to be

downregulated. Further, all enzymes of the MEP pathway and terpenoid

synthesis, as well as enzymes from the central carbon metabolism, Gap2, Tpi

and PyrK, were predicted to positively contribute to squalene production upon

their overexpression. Each identified target gene was integrated into the genome

of Synechocystis Dshc under the control of the rhamnose-inducible promoter

Prha. Squalene production was increased in an inducer concentration dependent

manner through the overexpression of most predicted genes, which are genes of

the MEP pathway, ispH, ispE, and idi, leading to the greatest improvements.

Moreover, we were able to overexpress the native squalene synthase gene (sqs)

in Synechocystis Dshc, which reached the highest production titer of 13.72 mg l-1

reported for squalene in Synechocystis sp. PCC 6803 so far, thereby providing a

promising and sustainable platform for triterpene production.
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Introduction

Cyanobacteria are the only known prokaryotes capable of

oxygenic photosynthesis (Mulkidjanian et al., 2006; Lau et al.,

2015). The gram-negative bacteria exhibit a large ecological

variety as well as a broad morphological diversity (Bennett and

Bogorad, 1973; Rippka et al., 1979; Schirrmeister et al., 2013). Their

physiological diversity makes them promising biological chassis for

the synthesis of a variety of natural products, including bioactive

metabolites like cytotoxins and potential pharmaceutical lead

compounds, food supplements, animal feed, pigments, as well as

biofuels (Pulz and Gross, 2004; Hays and Ducat, 2015; Jain et al.,

2017; Hudson et al., 2021; Barone et al., 2023). Their ability to

convert sunlight and atmospheric CO2 directly into valuable

organic compounds could make the chemical and pharmaceutical

industry more sustainable and therefore mitigate climate change if

high production yields are achieved (Choi et al., 2020; Posten and

Schaub, 2009; Oliver and Atsumi, 2015; Oliver et al., 2016).

Metabolic engineering tools for the production of desired

compounds are particularly well established for laboratory model

strains like Synechocystis sp. PCC 6803 (hereafter Synechocystis)

(Knoop and Steuer, 2015; Ramey et al., 2015). The unicellular

organism was the first entirely sequenced cyanobacterium

(Kaneko et al., 1996) and is one of the best characterized model

organisms regarding cyanobacterial biosynthesis (Pils and

Schmetterer, 2001; Leplat et al., 2013). Synechocystis is easy and

inexpensive to cultivate, and is genetically modifiable with high

success rates and predictability (Rippka et al., 1979; Berla

et al., 2013).

One promising class of compounds to be produced in

cyanobacteria are terpenoids, a large heterogeneous group of

naturally occurring organic carbon compounds with over 80,000

known structures (Karunanithi and Zerbe, 2019), having

applications in nutrition, medicine and chemistry but also as

potential biofuels. Triterpenoids are a group of secondary

metabolites, which are composed of 6 isoprene units (Moss et al.,

1995), existing in a huge variety of structures with nearly 200

distinct triterpene skeletons, all deriving from the precursor

squalene (Xu et al., 2004; Connolly and Hill, 2010). Squalene is

typically extracted from shark liver oil, but this method poses

serious ecological risks and is not sufficient to sustainably meet

increasing demands (Gohil et al., 2019; O’Hagan et al., 2021;

Mendes et al., 2022). The diverse applications of squalene include

its use as an ingredient in cosmetic products (Gohil et al., 2019), as

an antioxidant (Kohno et al., 1995) and an emulsion adjuvant in

vaccines (O’Hagan et al., 2021). It has recently been used in several

COVID-19 vaccines (Liang et al., 2020; Ho et al., 2021), introducing

a surge in demand for this terpenoid. Other reported properties of

squalene include tumor-suppressing (Smith et al., 1998; Yang et al.,

2014), immunity improving (Ronco and De Stéfani, 2013),

cholesterol-lowering (He et al., 2003), as well as antibacterial and

antifungal effects (Katabami et al., 2015). Squalene has attracted

attention as a feasible source of biofuels (Hellier et al., 2013) as well,

if it could be produced sustainably and in large quantities.

In most plants, algae and prokaryotes, terpenoids can be

synthesized via the methyl-erythritol-4-phosphate (MEP) pathway,

also called the non-mevalonate pathway (Okada and Hase, 2005;

Sawai and Saito, 2011). While the mevalonate pathway is present in

most eukaryotic cells, the MEP pathway was acquired through

endosymbiotic or horizontal gene transfer in plastid-bearing

organisms. As the progenitors of plastids, cyanobacteria can serve

as both a model organism for chloroplastic terpenoid synthesis

through the MEP pathway and are promising production hosts for

plant terpenoids (Hemmerlin et al., 2006; Loeschcke et al., 2017). The

MEP pathway produces isopentenyl diphosphate (IPP) and

dimethylallyl diphosphate (DMAPP), which are the universal

precursors for terpenoid synthesis. In Synechocystis, a single gene,

crtE, is responsible for the elongation of terpene precursors towards

geranyl pyrophosphate (GPP), farnesyl pyrophosphate (FPP) and

geranylgeranyl pyrophosphate (GGPP) in consecutive condensation

reactions. The enzyme squalene synthase (Sqs) catalyzes the

condensation of two molecules of FPP to presqualene diphosphate

(PSPP), which is then converted into squalene via reduction by

NADPH. In Synechocystis, squalene is then cyclized by squalene

hopene cyclase (Shc) to hopene (Englund et al., 2014). Englund and

colleagues (Englund et al., 2014) used a modified strain of

Synechocystis to produce squalene by inactivating the shc gene. By

preventing the generation of hopene, squalene is accumulated in this

mutant. We previously constructed a markerless deletion of shc in

Synechocystis to minimize the number of antibiotic resistances carried

by each strain and enable further engineering (Dietsch et al., 2021).

The availability of inducible promoter systems, such as the rhamnose,

anhydrotetracycline or copper inducible promoters in Synechocystis

allows fine-tuning of gene expression levels, making improvement of

metabolic pathways possible by identifying optimal expression levels

for each involved gene (Behle et al., 2020).

A straightforward approach to achieve higher yields of desired

products is the overexpression of certain genes to increase the flux

towards these metabolites, with many strategies already reported for

increasing heterologous terpenoid production (Klaus et al., 2022).

Despite some strategies proving successful, the regulation and

bottlenecks of the MEP pathway are still not entirely understood

(Klaus et al., 2022). Most initial pathway modification approaches

result in relatively low product yield, and optimization is often

dependent on heuristic techniques (Choi et al., 2017; Steuer et al.,

2012). While the identification of genes to be modified is an

essential step in metabolic engineering for strain improvement

toward the enhanced production of desired bioproducts, it is still

difficult to decide which genes to insert or modify, due to the vast

number of possibilities of potential targets and the consideration of

complex regulation of metabolic networks. In order to rationally

identify and overcome bottlenecks for the improvement of strain

designs, the use of in silico models has gained increasing

significance over the past years (King et al., 2015; Broddrick et al.,

2016; Lin et al., 2017; Hendry et al., 2020). Genome-scale metabolic

modeling requires only stoichiometric information and no kinetic

parameters, which are usually not available even for small reaction

networks. In contrast, stoichiometric information is readily and

reliably available for a large number of annotated genes (Raman and

Chandra, 2009). Additionally, the estimation of stoichiometric yield

is computationally not expensive and feasible even for large models

involving hundreds of reactions (Knoop and Steuer, 2015).
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Constraint-based reconstruction and analysis (COBRA) utilizes

these models to calculate flux distributions under certain

environmental or internal conditions (Schellenberger et al., 2011).

COBRA methods are mainly used for the prediction of maximum

theoretical yield for native and non-native pathways (Shen and

Liao, 2013; King et al., 2015), the effect of gene deletions on biomass

or other target compounds (e.g. OptKnock) (Burgard et al., 2003) as

well as the identification of bottlenecks and potential targets for up-

and downregulation in order to increase product yield (e.g. flux

scanning based on enforced objective flux (FSEOF) or minimization

of metabolic adjustment (MOMA)) (Segrè et al., 2002; Choi et al.,

2010). Previous studies (Choi et al., 2010; Englund et al., 2018; Park

et al., 2018), aiming to increase terpenoid production, have shown

that constraint-based flux balance analysis (FBA) can be a helpful

tool to not only understand and analyze metabolic pathways, but to

identify bottlenecks and narrow down the options of potential

amplification or knock-down targets for increased product yield,

without having a negative influence on the growth rate. Englund

et al. successfully employed genome-scale metabolic flux analysis to

identify amplification targets that increased isoprene production in

Synechocystis (Englund et al., 2018).

In our work, we used an algorithm called FSEOF to screen for

potential overexpression targets increasing the terpenoid

concentration in Synechocystis (Choi et al., 2010). In silico analysis

predicted an increased flux through reactions of the MEP pathway,

terpenoid synthesis, the light-dependent reactions of photosynthesis

as well as the central carbon metabolism. Additionally, metabolic

modeling proposed elevated requirements for the efficient supply,

balance and regeneration of cofactors. Twelve of the identified

amplification targets were tested in vivo to assess the biological

relevance of the model, all of which positively impacted squalene

production. The overexpression of sqs led to the strongest increase,

with a yield of 13.72 mg l-1, the highest production titer reported for

squalene in Synechocystis to date.

Materials and methods

Plasmid and strain construction

A detailed list of all relevant genetic modules and information

regarding their origin, is provided in the Supporting Information

(Table S1 (SI)).

To investigate the computationally identified genes’ effect on

squalene production, the pEERM4 plasmid was used to integrate

each gene into the neutral site 2 (NS2) under control of the

rhamnose promoter Prha (Englund et al., 2015; Behle et al., 2020).

The plasmid pEERM4 Cm was a gift from Pia Lindberg (Addgene

plasmid # 64026; http://n2t.net/addgene:64026; RRID :

Addgene_64026) (Englund et al., 2015). This plasmid was used to

clone each gene of interest under the control of Prha. It contains 500

bp DNA homologous to the upstream and downstream region of

NS2, between which a chloramphenicol resistance and the gene of

interest are located, flanked by the rhamnose promoter and the T7

terminator. Each gene of interest was cloned into the plasmid using

the restriction enzymes NheI and PstI, with the NheI cutting site

located after the start codon. The genes of interest were amplified

from the Synechocystis genome, using Q5-Polymerase (NEB #

M0491) according to manufacturer ’s instructions with

oligonucleotides shown in Table S2 (SI). In two cases, an NheI

restriction site was removed from the native gene sequence without

changing the amino acid sequence (gap2, sqs). The sqs gene is

annotated as starting with GTG as a start codon in the published

Kazusa genome and this codon was changed to ATG for the

purposes of this study.

To enable induction of the Prha promoter, the rhamnose

activator rhaS was constitutively expressed by the J23119

promoter from the replicative plasmid pSHDY (AddGene

Plasmid #137661, (Behle et al., 2020)), which was transferred to

Synechcoystis via triparental mating (Behle et al., 2020). This

plasmid was constructed using the restriction sites of the BioBrick

and NeoBrick standards and carries a spectinomycin resistance.

Synechocystiswas transformed with the pEERM4 plasmids (Table

S1 (SI)) using a protocol based on its natural competence (dx.doi.org/

10.17504/protocols.io.mdrc256). Successful integration of the

plasmid into the genome through heterologous recombination into

the neutral site 2 (NS2) (Satoh et al., 2001) was verified by colony

PCR (Figure S1 (SI)). The plasmid pSHDY carrying the rhamnose

activator rhaS was then transferred to Synechocystis using triparental

mating (dx.doi.org/10.17504/protocols.io.psndnde).

Culture conditions

The Synechocystis strains were inoculated in 30 ml BG11 liquid

cultures containing 20 μg/ml spectinomycin and for overexpression

strains 10 μg/ml chloramphenicol in 100 ml Erlenmeyer flasks from

agar plates. The cultures were diluted twice to an OD750 of 0.2 to

equalize their cell densities and growth phases. Two days before the

start of the experiment, cultures were again diluted to an OD750 of

0.2 after which they were transferred to 6-well plates with 5 ml per

well. L-Rhamnose was then added to the cultures and they were

grown for 72 h at 30°C with 150 rpm shaking, 0.5% CO2 and 80 μE

m-2 s-1 of continuous light. After 72 h, cell samples were taken and

stored for further processing.

For measurements of squalene production over time, 30 ml of

BG11 were inoculated from a pre-culture to OD750 = 0.4,

supplemented with 5 mM of rhamnose and incubated over 14

days. Samples were taken daily for the first four days, every second

day for the following six days and after 14 days. The lost culture

volume from sampling was replaced with fresh BG11 containing

appropriate antibiotics and 5 mM of rhamnose.

Biomass measurements (DCW,
OD, spectra)

Cell dry weight measurements were carried out by transferring

the cell pellet of 2 ml of cyanobacterial culture to a pre-weighed
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PCR tube, which was incubated at 60°C for 20 h. The tube was

weighed and the difference noted as the cell dry weight, with

measurements carried out in triplicates.

Absorption spectra and OD measurements were carried out in

1 ml polystyrene cuvettes in a SPECORD 200 Plus Spectrophotometer

(Analytik Jena) with BG11 as a blank and as a reference sample.

Samples were diluted with BG11 to be within an absorption range of

0.1 to 1.0 to ensure accurate measurements. Cell densities for

Synechocystis were measured at 750 nm.

Pigment quantification

Each culture (300 μL) was sampled after 72 hours at the end of

the growth experiment. The sample was centrifuged at 14,000 g for

5 minutes and 4°C. The supernatant was discarded and the pellet

was resuspended in 100 ml water. The samples were frozen at -80°C

until further processing. 900 ml of 100% methanol were added to the

sample and the sample was mixed by vortexing. After incubation in

the dark under gentle agitation for 1 h at 4°C the sample was

centrifuged at 14,000 g for 5 minutes. The supernatant was

transferred into a cuvette and an absorbance spectrum was

measured from 400 nm to 750 nm. The absorbance spectra were

divided by the OD750 or CDW and the amount of chlorophyll a in

the sample was quantified by the absorbance maximum of

chlorophyll a at 665 nm (A665nm) using following equation

(Lichtenthaler and Buschmann 2001):

Chlorophyll content½mg=ml� = 12:66 mg=ml*A665 nm

The amount of carotenoids in the sample was quantified by the

absorbance maximum of the sum of carotenoids at 470 nm (A470nm)

and a correction term considering absorbance of chlorophyll a at

470 nm (c(Chl a): concentration of chlorophyll a in the sample)

using following Equation (Lichtenthaler and Buschmann 2001):

Carotenoid content½mg=ml�
= (1000 mg=ml*A470 nm − 1:91*c(Chl))=225

GC-MS measurements for the
quantification of squalene

Each culture (1.5 ml) was sampled after 72 hours at the end of the

growth experiment. The sample was centrifuged at 14,000 g, for five

minutes and 4°C. The supernatant was discarded and the pellet was

frozen at -80°C until further processing. The pellet was extracted with

500 μL acetone, containing 25 μM b-sitosterol as internal standard,
under agitation at 1000 rpm and 50°C for 10min. 500 μL of 1MNaCl

was added and mixed by vortexing. After adding 250 μL hexane, the

sample was vigorously mixed for 1 min and centrifuged for phase

separation (1 min at 1,780 g and 4°C). The upper hexane phase was

transferred into GC-MS vials and stored at -20°C until the analysis.

GC-MS analysis was carried out using a Gerstel automatic liner

exchange system with multipurpose sample MPS2 dual rail and two

derivatization stations, used in conjunction with a Gerstel CIS cold

injection system (Gerstel, Muehlheim, Germany). For every 10-12

samples, a fresh multibaffled liner was inserted. Chromatography

was performed using the Agilent 7890B GC. Metabolites were

separated on an Agilent HP-5MS column (30ml x 0.25mm), the

oven temperature was ramped with 12.5 °C/min from 70 °C (initial

temp for 2 min) to 320 °C (final temp hold 5 min). Metabolites were

ionized and fragmented in an EI source (70V, 200 °C source temp)

and detected using 7200 accurate mass Q-TOF GC-MS from

Agilent Technologies. Data analysis was performed using Agilent

MassHunter Quantitative Analysis B.09.00. Peaks were identified

using already available EI-MS fragmentation data. Peaks were

identified using characteristic fragment ions (Bhatia et al., 2013)

and retention times of standards (Squalene: mass/charge (m/z) =

81.07, retention time (RT) = 9.5 min; b-sitosterol: m/z = 107.09, RT

= 13.6 min). Squalene concentrations in the measured samples were

calculated using a calibration curve with a squalene standard

(Figure S2 (SI)).

Quantitative real-time PCR (qRT-PCR)

Cultures were sampled (0.5 ml) after 72 hours at the end of the

growth experiment. The pellet was processed for RNA extraction using

the PGTX method (dx.doi.org/10.17504/protocols.io.jm3ck8n, Pinto

et al., 2009). The remaining DNA in the extracted RNA was removed

by DNase digestion using the TURBO DNA-free™ (ThermoFischer)

kit according to the manufacturer’s instructions. Extracted RNAs (250

ng) were used in a reverse transcriptase reaction using the RevertAid

First Strand cDNA Synthesis Kit (ThermoFischer) according to the

manufacturer’s instructions. The resulting cDNA was diluted 1:20. For

performing qPCR, the DyNAmo ColorFlash SYBR Green qPCR Kit

was used according to the manufacturer’s instructions. Primers for sqs,

dxs and the housekeeping gene rpoA are shown in Table S2 (SI). Primer

efficiencies were tested before performing qRT-PCR and were deemed

sufficient to yield quantitative information (Figure S3; Table S3 (SI)).

Changes in gene expression as fold changes compared to the control

were determined using the 2−DDCT method, using rpoA as a

housekeeping gene and the Dshc strain subjected to the same

rhamnose concentration as a control.

Metabolic modeling for the identification
of amplification targets

All simulations are based on a genome-scale stoichiometric

network model of Synechocystis published by Knoop and colleagues

(Knoop and Steuer, 2015). A modified, extended version was used,

kindly provided by Ralf Steuer. All flux distributions have been

calculated with constraint-based flux analysis using COBRApy

(v.0.25.0) (Ebrahim et al., 2013). To simulate phototrophic

growth, different constraints were applied to the model of

Synechocystis (see Table S5 (SI)).

FSEOF (Choi et al., 2010) was used to find amplification targets

by simulating the transition from a wildtype to a production

phenotype. All isoreactions were excluded for the transition

experiments (Knoop and Steuer, 2015). The initial fluxes of all
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reactions were calculated by using the objective function to

maximize the growth rate. Then, the theoretical maximum

squalene production rate was calculated by setting the objective

function as maximizing squalene flux. Subsequently, under constant

light flux, the product formation flux rate was stepwise increased

from 0% to 67% of the maximum achievable rate, while the growth

rate was maximized. Only targets for which the overall mean flux

rate from maximum biomass synthesis to maximum product

synthesis increases were chosen. Additionally, only reactions that

did not change flux direction during transition were considered. To

confirm the results, flux variability analysis was performed for the

selected targets, by stepwise increasing squalene flux from 0% to

67% of the maximum rate and subsequently maximizing biomass

synthesis. For each simulation step, the variability of all selected

targets was determined. To visualize the flux distributions a

simplified network was implemented with d3flux (v.0.2.7) (St.

John, 2016), a d3.js based visualization tool for COBRApy models.

Results

Metabolic modeling predicts
overexpression targets in MEP pathway
and central carbon metabolism

In this study our goal was to enhance squalene production by

identifying potential amplification targets and systematically

overexpressing selected genes of interest. Due to the extensive

number of possible genes to modify, we chose to first screen for

suitable targets in silico. We used a genome-scale metabolic network

of Synechocystis to find the ideal flux distribution for the optimal

production of squalene while maintaining at least 1/3 of the growth

rate. Reactions that increase in flux, when more squalene is

produced, were chosen as potential amplification targets.

To predict these targets, we applied an algorithm called FSEOF,

developed by Choi and colleagues (Choi et al., 2010). The transition

from a wildtype phenotype to a production phenotype was simulated

by stepwise increasing squalene flux while the growth rate was

maximized. This way, all resources beyond the growth rate are

directed towards the forced product synthesis. We only considered

targets for which the overall mean flux rate increases and that did not

change flux direction during transition (Knoop and Steuer, 2015). An

overview of reactions meeting these criteria can be found in Figure 1

and in Table S6 (SI). Excluding transport, export and spontaneous

reactions, 39 potential overexpression targets were identified. Flux

variability analysis was performed for these targets to validate the

results (Table S7 (SI)). Upon enforced objective flux different flux

patterns could be observed. 22 fluxes showed an increasing pattern

without any variability. Among the remaining fluxes two increased

within a narrow range and seven increased with broad variability.

Three showed a pattern, where the minimal flux increased and the

maximum possible flux decreased. One reaction showed a pattern

indicating a change in flux direction and four were unbound.

The results of the metabolic modeling suggest an increase of flux

through the MEP pathway, from the decarboxylative carboligation of

glyceraldehyde 3-phosphate (G3P) and pyruvate to deoxyxylulose 5-

phosphate (DXP) by deoxyxylulose 5-phosphate synthase (Dxs), to

the formation of isopentenyl diphosphate (IPP) by IspH as well its

conversion to DMAPP by isomerization (Idi). The following

reactions towards terpenoid synthesis, catalyzed by CrtE and Sqs,

are also showing a flux increase.

Additionally, the model suggests an increased flux through

cytidine monophosphate kinase (CMPk) and cytidine diphosphate

kinase (CDPk) as well as an increased activity of inorganic

diphosphatase (Ppa), converting diphosphate to monophosphate.

The reactions of lower glycolysis are proposed to be upregulated

as well. 3-Phospho-D-glycerate (PG3), obtained by the RuBisCO

reaction, is converted to 2-phospho-D-glycerate (PG2) by

phosphoglycerate mutase (Pgm), to phosphoenolpyruvate (PEP)

by enolase (Eno) and finally to pyruvate by pyruvate kinase (PyrK).

To provide the carbon needed for enhanced terpenoid

synthesis, the total flux through the Calvin-Benson-Bassham

(CBB) cycle is expected to increase. Especially the flux through

RuBisCO, fixing CO2 as PG3 shows a strong increase. The same

applies to the phosphorylation of PG3 to 1,3-bisphosphoglycerate

(13DPG) by phosphoglycerate kinase (PgK), its reduction to the

MEP pathway precursor G3P by glyceraldehyde 3-phosphate

dehydrogenase (Gap2), the conversion to dihydroxyacetone-

phosphate (DHAP) by triosephosphate isomerase (Tpi) as well as

the subsequent regeneration of D-ribulose 1,5-bisphosphate

(RuDP) through the reductive pentose phosphate pathway.

The model predicts an increased flux through the light-

dependent reactions of oxygenic photosynthesis in the thylakoid

membrane. However, photosynthetic pigments like chlorophyll and

carotenoids display a reduced flux. Whereas NADPH production

via ferredoxin-NADP+ reductase (FNR) is suggested to be

increased, ATPase activity is supposed to be decreased. This goes

along with a reduced TCA cycle activity.

As enhanced flux through the light reactions and CBB cycle are

predicted, photorespiratory metabolism increases as well. However,

the model suggests utilizing the glycerate photorespiratory bypass via

tartronate semialdehyde. Phosphoglycolate as an inevitable by-product

of the photorespiratory chain is converted to first glycolate, then

glyoxylate, tartronate semialdehyde and afterwards to glycerate, which

can be used to synthesize pyruvate or be recycled into the CBB cycle.

In summary, the model proposes an increased flux through the

MEP pathway and terpenoid synthesis as well as the CBB cycle, lower

glycolysis and the light-dependent reactions of photosynthesis to

enhance squalene production. Additionally, an increased

regeneration of the cofactor CTP and a decreased ATP/NADPH

ratio are predicted to positively correlate with squalene synthesis.

Subsequently, we systematically overexpressed 11 selected targets.

Systematic overexpression study confirms
predictions of FSEOF through altered
squalene and pigment content

To test the predictions made by the FBA modeling, 11 genes of

interest were inducibly overexpressed in Synechocystis Dshc
markerless deletion mutant (Dietsch et al., 2021) using the

previously characterized rhamnose-inducible promoter system
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(Behle et al., 2020) including all genes of the MEP-pathway except for

dxr, which was previously reported to negatively impact terpenoid

production upon overexpression (Choi et al., 2016). In addition to

genes directly involved in terpenoid synthesis, gap2, pyrK and tpi

were overexpressed to increase availability of pyruvate and G3P. All

strains, including the control and wild type possessed the pSHDY

rhaS replicative plasmid. Synechocystis Dshc pSHDY rhaS serves as

the control due to its ability to accumulate squalene. The functionality

of the overexpression systemwas confirmed by performing qRT-PCR

on two representative genes, showing increased transcript levels upon

induction (Figure S4 (SI)).

The experimental work showed that squalene production was

increased, albeit in some cases only slightly compared to the Dshc
strain for all overexpressed genes identified by FSEOF, as shown in

Figure 2. The amounts of squalene produced in these strains vary

widely, depending on the overexpressed gene (Table S4 (SI)).

Overexpression of genes strongly altered the pigmentation in

several strains, with the relative changes compared to the Synechocystis

Dshc control strain shown in Figure 3. Growth was slightly reduced in

the overexpression strains, as shown in Figure S5 (SI).

Most overexpression strains showed a reduction in chlorophyll

and carotenoid content, as shown in Figure 3 likely due to

disruption of optimal pigment synthesis caused by genetic

modification, leading to accumulation of metabolites which may

inhibit enzymes upstream in their respective pathway. The

reduction in pigments may also be caused by the presence of an

additional antibiotic resistance cassette in the overexpression

strains. However, the strong pigment variations between

overexpression mutants suggest only a weak effect of the

antibiotic compared to the genetic change. The overexpression of

ispE, ispH and gap2 are notable exceptions to this observation,

showing little changes in pigmentation upon overexpression.

Absorbance spectra of all strains can be seen in Figure S6 (SI).

The overexpression of sqs led to a blue-colored phenotype, which is

characterized by reduced chlorophyll and strongly reduced

carotenoid concentrations, as shown in Figure 4.

Overexpression of sqs is the most effective
way to improve squalene production

In the MEP pathway, overexpression of dxs did not have a

strong effect on squalene production, shown in Figure 2, while the

downstream reactions catalyzed by IspD, IspE, IspF and IspH

FIGURE 1

Overview of fluxes predicted to change upon increased squalene production. Blue arrows indicate an increased flux and red arrows a decreased
flux, respectively. Black arrows indicate no change. Reactions with no flux have a dotted line. The numbers indicate the maximum fold change of the
corresponding flux. It is stated that this is not a minimal network but a part of the genome-scale model and not all active reactions are shown.
13DPG, 1;3-bisphosphoglycerate; 2OG, 2-oxoglutarate; 2PGL, 2-phosphoglycolate; AcCoA, acetyl-CoA; ATP synth., ATP synthase; CDP-ME, 4-
(cytidine 5′-diphospho)-2-C-methyl-D-erythritol; CDP-MEP, 2-phospho-4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol; Cit, citrate; Cytb6f,
cytochrome b6f complex; DHAP, dihydroxyacetone phosphate; DMAPP, dimethylallyl diphosphate; DXP, 1-deoxy-D-xylulose 5-phosphate;
E4P, erythrose 4-phosphate; F6P, fructose 6-phosphate; Fdox, ferredoxin (oxidized); Fdred, ferredoxin (reduced); FDP, fructose 1;6-biphosphate; FNR,
ferredoxin-NADP+ reductase; FPP, farnesyl pyrophosphate; Fum, fumarate; G3P, glyceraldehyde 3-phosphate; Glc, D-glycerate; Glx, glyoxylate; Gly,
glycolate; GPP, geranyl pyrophosphate; HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate; IsoCit, isocitrate; IPP, isopentenyl diphosphate;
Mal, malonate; MEcPP, 2-C-methyl-D-erythritol 2;4-cyclodiphosphate; MEP, 2-C-methyl-D-erythritol 4-phosphate; NDH, NADPH dehydrogenase;
OAA, oxaloacetate; PC, plastocyanin; PEP, phosphoenolpyruvate; PG2, 2-phosphoglycerate; PG3, 3-phosphoglycerate; Pi, orthophosphate;
PPi, diphosphate; PQ, plastoquinone; PQH2, plastohydroquinone; PSI, photosystem I; PSII, photosystem II; Pyr, pyruvate; R5P, ribose 5-phosphate;
Ru5P, ribulose 5-phosphate; RuBP, ribulose 1;5-biphosphate; S17DP, sedoheptulose 1;7-bisphosphate; S7P, sedoheptulose 7-phosphate;
Succ, succinate; X5P, xylulose 5-phosphate.
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showed more positive effects. The overexpression of both ispE and

ispH led to increased squalene production, even without any

inducer present, suggesting that the leakiness of the rhamnose

promoter provided sufficient additional enzyme to relieve a

bottleneck from the MEP pathway. Overexpressing ispD on the

other hand increased squalene concentrations in a more

concentration-dependent manner. Overexpression of ispG did not

increase squalene content by a large amount, also showing the

strongest negative impact on pigment concentrations of the

overexpression of genes in the MEP pathway.

The overexpression of idi increased squalene concentrations by

1.96-fold, reducing pigment concentrations in the process, likely by

shifting the IPP/DMAPP ratio.

The overexpression of sqs led to a 5-fold increased squalene

concentration, yielding 2.11 mg OD750
-1 l-1. Synechocystis’ Sqs may

be a particularly active enzyme, as cloning in E. coli proved

challenging, possibly due to toxicity of squalene to E. coli, limiting

cell densities in liquid culture and favoring mutated or truncated

versions of the gene on agar plates. E. coli DH5a cells transformed

with a non-mutated version of sqs typically required around 36 h of

incubation at 37°C to form colonies of normal size. The

overexpression of sqs led to a decrease in chlorophyll and a

strong decrease in carotenoid content in Synechocystis, as shown

by its cell absorbance spectrum in Figure 4.

Of the genes not involved in terpenoid synthesis, overexpressing

gap2, a central enzyme involved in the CBB cycle only led to a small

increase in squalene concentrations, but did so while keeping

pigment concentrations approximately at the same level as in the

Dshc base strain. Upon induction, squalene and pigment content

increased with the inducer concentration. Overexpression of pyrK, a

glycolysis gene, increased squalene concentrations after induction,

but reduced pigment concentrations. Expression of tpi did not have

a strong positive effect on squalene concentrations and also

reduced pigmentation.

The strain overexpressing sqs was additionally investigated

regarding its squalene production in 30 ml Erlenmeyer flasks,

with its growth and squalene production over time shown in

Figure 5. The yield of the culture after 14 days was 2.78 mg l-1

OD750
-1/13.72 mg l-1.

In summary, all overexpression strains showed increased

squalene production, with the overexpression of sqs leading to a

5-fold improvement compared to the base strain, with longer term

cultivation leading to a yield of 13.72 mg l-1. The most efficient

overexpressions regarding squalene yield were all in the MEP-

pathway and terpenoid synthesis, but overexpression of gap2 was

also notable, as it showed a positive impact on both pigment and

squalene concentrations with increasing induction.

Discussion

In the pursuit of identifying potential amplification targets,

improving cyanobacterial squalene production upon upregulation,

we used a genome scale constraint-based metabolic model. Twelve of

the identified overexpression targets were experimentally confirmed.

The analysis suggested an up-regulation of fluxes through the

MEP pathway and terpenoid synthesis. Since terpenoids are

exclusively synthesized via the MEP pathway in Synechocystis, this

is very intuitive and shows the robustness of our in silico analysis

pipeline. Flux through the light-dependent reactions of

photosynthesis as well as the CBB cycle were proposed to

increase, to meet the demand of fixed carbon and produce the

cofactor NADPH. In fact, the FNR reaction showed an increased

flux, while the ATPase reaction is proposed to be downregulated,

FIGURE 2

Squalene concentrations [mg l-1 OD750
-1] in response to gene overexpressions. Values are represented as the means of three biological replicates,

standard deviations are shown. WT represents the Synechocystis sp. PCC 6803 wild type, while the control strain is Synechocystis sp. PCC 6803
Dshc pSHDY rhaS, from which the overexpression strains were constructed by inserting an additional copy of the specified gene under the control
of the rhamnose-inducible promoter Prha into its genome. Asterisks (*) represent the p-value of the two-sided t-test between the respective strain
and the control strain at the same rhamnose concentration (* denotes a value of p<0.05, ** denotes p<0.01 and *** denotes p<0.001). Samples
were measured after three days of incubation with the specified concentration of rhamnose as an inducer.
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leading to an overall decreased ATP/NADPH ratio. Previous in

silico studies suggested lower ATP/NADPH ratio requirements for

many biofuels as well (Erdrich et al., 2014; Shabestary and Hudson,

2016; Englund et al., 2018). Artificially creating imbalances in this

ratio could increase product formation. This can be achieved via

different approaches, e.g., by blocking cyclic and other alternative

electron flows. As a result, ATP and NADPH are forced to be

synthesized exclusively via linear electron flow, whose ATP/

NADPH ratio is below the ratio required for biomass synthesis.

Knocking out ATP producing reactions or introducing ATP futile

cycles or other waste reactions could force the organism to use

terpenoid production as a sink for excess reduction equivalents

(Erdrich et al., 2014). The carboxylation and oxygenation reaction

of RuBisCO were coupled in our model, so the flux through the

photorespiratory reactions was forced to increase as well. The

model suggested using the glycerate photorespiratory bypass.

Nonetheless, since it is an undesired reaction to occur, we did not

consider it as an amplification target. On the contrary, Zhou et al.

could show that impairing photorespiration leads to a redirection of

excess energy and isoprene production could be doubled (Zhou

et al., 2021). Additionally, cytidine triphosphate (CTP), a cofactor in

the MEP pathway, has to be regenerated by multiple

phosphorylations of cytidinmonophosphat (CMP) and the model

proposed it might become rate limiting upon high squalene flux.

Furthermore, the conversion of diphosphate to monophosphate

was predicted to be upregulated because of the increased levels of

diphosphate released by IspD, CrtE and Sqs. These results are in

accordance with previous in silico studies aiming to increase

terpenoid production in cyanobacteria, although different models

as well as different algorithms were utilized (Lin et al., 2017;

Englund et al., 2018). The TCA cycle was indicated to decrease in

flux, since it is a sink for carbon, which also was found by previous

studies in cyanobacteria (Englund et al., 2018). This finding is in

contrast to studies in E. coli (Choi et al., 2010), where the TCA cycle

is called to be upregulated. This difference can be explained by the

fact that heterotrophs like E. coli have to regenerate their cofactors

via the TCA cycle and autotrophs, in contrast, are able to generate

cofactors via the light reactions of photosynthesis. The metabolic

model suggested a decrease in photosynthetic pigments as well,

since increased squalene production diverts carbon flux away from

pigments and they compete for the precursor GPP (Lin et al., 2017).

Flux variability analysis found 31 fluxes to be consistent with

the results of the FSEOF analysis and increase upon enforced

squalene flux. Among the remaining eight fluxes, three showed a

pattern where the maximum flux decreased, while the minimum

flux increased, and were thus not considered as amplification targets

(Choi et al., 2010). The reaction catalyzed by Idi was the only one to

display a sign change, where the maximum flux is positive and the

minimum flux is negative, implicating the direction of the metabolic

flux is unknown and cannot be determined by flux variability

analysis (Flowers et al., 2018). Incorporating kinetic parameters as

constraints would help to increase the accuracy of the prediction

(Moulin et al., 2021). Since in either direction, the flux through Idi

positively correlates with squalene production, we chose to verify

the result experimentally. Four reactions were completely unbound,

thus providing no further information. Previous studies (Choi et al.,

2010) showed that the overexpression of unbound targets also had a

positive impact on product synthesis.

To confirm the predictions made by the FSEOF analysis, 11

genes were experimentally overexpressed in Synechocystis Dshc. All
overexpression strains showed elevated squalene levels, but the

degrees to which squalene concentrations were increased varied

widely. Overall, growth of the overexpression strains was slightly

reduced compared to the control (Figure S5 (SI)), possibly as a

result of the additional antibiotic present in the growth medium.

The differences between the overexpression of genes in the MEP

pathway are of particular interest, as regulations and feedback

mechanisms in the pathway are not entirely known. Since protein

tags can affect both activity and stability of enzymes, we chose to use

the native protein sequences for overexpression. Since no antibodies

are reported for these native enzymes, we were not able to quantify

their protein concentrations. However, we confirmed the

functionality of our expression system via qRT-PCR for the dxs

and sqs overexpression strains which both showed increased

FIGURE 3

Relative change in chlorophyll (left) and carotenoid (right)
concentrations [mg l-1 OD750

-1] of the overexpression strains
compared to the Dshc control strain. Values are represented as the
means of three biological replicates. WT represents the
Synechocystis sp. PCC 6803 wild type, while the control strain is
Synechocystis sp. PCC 6803 Dshc pSHDY rhaS, from which the
overexpression strains were constructed by inserting an additional
copy of the specified gene under the control of the rhamnose-
inducible promoter Prha into its genome. Asterisks (*) represent the
p-value of the two-sided t-test between the respective strain and
the control strain at the same rhamnose concentration (* denotes a
value of p<0.05, ** denotes p<0.01 and *** denotes p<0.001).
Samples were measured after three days of incubation with the
specified concentration of rhamnose as an inducer.
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transcript levels upon induction with rhamnose (Figure S4 (SI)).

Quantitative differences in RNA abundance between genes are

unavoidable due to differing mRNA lengths and stabilities, but it

can be safely assumed that induction of expression through addition

of rhamnose yields higher gene expression levels than the control in

all cases. Since no protein amounts could be quantified in this study,

no conclusions can be drawn regarding the metabolic efficiency of

each overexpression relative to the expression strength. Instead,

changes in the final metabolite concentrations are caused by the

combined effect of the strength of the overexpression and the

catalytic activity of the protein.

Dxs is reported to be the rate limiting enzyme of the MEP

pathway in many previous studies, but did not prove to be a

particularly beneficial overexpression target in this study. This

may be attributed to the native Sqs activity not providing a strong

enough carbon sink downstream of the MEP pathway, leading to

the accumulation of intermediates, such as IPP and DMAPP, which

are reported to act as inhibitors to the Dxs enzyme (Banerjee et al.,

2013; Álvarez-Vasquez et al., 2021; Di et al., 2022). Kudoh et al.,

2017 showed that overexpression of dxs led to aggregation of the

inactivated protein via allosteric inhibition by IPP and DMAPP,

ultimately diminishing the impact of the overexpression on the

protein level (Kudoh et al., 2017). Protein inactivation may also

explain the small effect of dxs overexpression on metabolites in

this study.

Other studies reported MEcPP to accumulate upon

overexpression of dxs, so a dual overexpression with ispG may

show a more positive effect (Gao et al., 2016; Volke et al., 2019). The

overexpression of ispG alone did not lead to increased production

however, the dependence of IspG on reduced ferredoxin units may

be a limiting factor to the conversion of MEcPP to HMBPP (Wang

and Oldfield, 2014). If the concentrations of MEcPP were too low

for IspG to be limiting, the binding of ferredoxin to the additional

enzyme may be the cause of the reduction in photosynthetic

pigments, with the overexpression of ispG leading to the lowest

chlorophyll concentrations among the genes of the MEP pathway.

In contrast to most overexpressions, ispE and ispH showed a

positive effect on squalene production even without inducer

present, but not strongly increasing upon induction. This

relationship suggests that these enzymatic steps represent a

metabolite bottleneck, which can be relieved through a slight

overexpression and then yields diminishing returns upon

stronger overexpression.

The overexpression of idi led to an increase in squalene while

decreasing pigments, which is in accordance with the predictions

made by the constraint-based model. IspH favors production of IPP

from HMBPP over DMAPP, while Idi favors the isomerization of

IPP towards DMAPP, leading to an IPP : DMAPP ratio of 3:1 in

vivo, the optimal ratio for production of GGPP (Chaves et al., 2016;

Volke et al., 2019). The overexpression of idi likely shifted the IPP :

DMAPP ratio in favor of DMAPP.

Overexpressing sqs led to the strongest increase in squalene and

reduction in carotenoids. Sqs competes with the native GGPP

synthase crtE for the intermediate FPP, with the overexpression

leading to a shift in favor of squalene, away from GGPP, the

precursor for carotenoids and phytol. Since there was only little

change in growth over three days (Figure S5 (SI)), the reduced

pigmentation did not seem to have a significant negative effect on

the cell, but shifting the balance further towards squalene might

lead to decreased photosynthetic performance. Overexpression of

ispH and ispE on the other hand increased squalene concentrations

as well as the total amount of measured terpenoids, defined as the

sum of squalene, carotenoid and the phytol chain of chlorophyll by

up to 18%. Combining the overexpressions of sqs with ispH and

ispE, may be a promising strategy moving forward, as increased

total flux through the MEP pathway can both compensate for the

reduced pigmentation caused by sqs overexpression and increase

squalene titers.

In conclusion, FSEOF allowed us to choose biologically relevant

amplification targets computationally, all of which had a positive

effect on squalene synthesis upon experimental validation.

FIGURE 4

Whole cell spectra of selected strains. Spectra were measured after
three days incubation with 5 mM rhamnose in 1 cm cuvettes after
equalizing the OD750 across all strains and subtracting the OD750 as
a baseline correction. WT represents the Synechocystis sp. PCC
6803 wild type, while the control strain is Synechocystis sp. PCC
6803 Dshc pSHDY rhaS, from which the overexpression strains were
constructed. The visually blue phenotype of the sqs overexpression
strain in the cuvette is pictured in the bottom left.

FIGURE 5

Timeseries of squalene production in sqs overexpression strain.
Squalene production and OD750 of Synechocystis Dshc pEERM Prha

sqs pSHDY rhaS in a 30 ml flask culture in mg l-1 over a period of
two weeks after induction with 5 mM rhamnose to trigger
overexpression of the squalene synthase (sqs). Means and standard
deviations of three biological replicates are shown.
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Considering squalene is synthesized via the linear MEP pathway,

most of the identified targets are rather intuitive. Since we were able

to confirm all selected targets, we suggest a validation of the non-

intuitive targets outside the MEP pathway, such as Ppa and FNR for

further studies. These two targets have previously been predicted

and tested in Synechocystis (Englund et al., 2018). Our findings

propose that constraint-based metabolic models could aid in the

selection of targets improving the production of desired

metabolites. This could be of particular interest for the prediction

of combinatorial interventions. However, classic FBA does not

account for regulatory mechanisms like feedback inhibition or

potential metabolite toxicity (Knoop and Steuer, 2015). It could

be helpful for future studies to test FSEOF in combination with

dynamic extensions of FBA (Mahadevan et al., 2002) and hybrid

kinetic and constraint-based models (Shameer et al., 2022). The

incorporation of metabolite concentrations, flux rates or kinetic

parameters could drastically improve the precision and reliability of

the results (Mahadevan et al., 2002; Moulin et al., 2021; Shameer

et al., 2022). For future studies we suggest the combinatorial

expression of the identified amplification targets, especially with

the native sqs, since it seems to be the rate limiting enzyme in the

present study, as well as the combination of amplification and

knock-down targets. Our experiments are in accordance with the

central idea of synthetic biology, where experimental designs are

determined by metabolic modeling and experimental results can

feed back data into models to increase their accuracy, leading to

deterministic, steady improvement. The overexpression of the

native sqs gene of Synechocystis proved to be the most successful

strategy for squalene production to date, with the strain reaching a

higher production titer than heterologous sqs expression in

Synechocystis (Pattanaik et al., 2020).
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Supplementary Table 1. Plasmids used in this study and information regarding their origin. 

Plasmid name Source 

pSHDY rhaS (Behle et al. 2020) 

pEERM4 (Englund et al. 2015) 

pEERM4 Prha dxs This study 

pEERM4 Prha ispD This study 

pEERM4 Prha ispE This study 

pEERM4 Prha ispF This study 

pEERM4 Prha ispG This study 

pEERM4 Prha ispH This study 

pEERM4 Prha idi This study 

pEERM4 Prha sqs This study 

pEERM4 Prha crtE This study 

pEERM4 Prha gap2 This study 

pEERM4 Prha pyrK This study 

pEERM4 Prha tpi This study 
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Supplementary Table 2. DNA sequences of primers used in this study and their modifications for 
cloning purposes. 

Gene P fwd (5’-3’) P rev (5’-3’) Other 
modifications 

idi TGACATGGCTAGCGATA 
GCACCCCCCACCGTAA 

AGCCTGCAGTTAAGGTT 
TAGTTAACCTTT 

  

dxs TGACATGGCTAGCCACATC 
AGCGAACTGACCCACCCCAA
TGAG 

GCTACTGCAGCTAACTAACTC
CAGGAGCGACAACTG 

  

sqs TGACATGGCTAGCTCAG 
GAGTTGATCGCATGAGC 

AGCTACTGCAGCTAACTGG 
CAATAACCCGATTAA 

silent mutation in 110L 
to remove NheI 

ispD TGACATGGCTAGCCATTT 
ACTAATTCCAGCGGC 

GCTACTGCAGTCAGGCGGA 
TTTTGCCGACC 

  

ispE TGACATGGCTAGCCATT 
CCTACACCCTCCATGCCCCG 

GCTACTGCAGTCAATTATTC 
ATAATTTGGATGCCG 

  

ispF TGACGCTAGCACTGCTC 
TACGCATCGGCAACGG 

GCTACTGCAGTTACCCTTCT 
TTGATTAACAAAGCCACG 

  

ispG TGACATGGCTAGCGT 
AACCGCTTCCCTGCCGACC 

GCTACTGCAGTTAAGGGTCA 
ACCCAACGGC 

  

ispH TGACATGGCTAGCGATACCA
AAGCTTTTAAACGGTCTCTGC 

GCTACTGCAGCTATCCCGCA 
ATTTCTAGGACG 

  

gap2 TGACATGGCTAGCACTA 
GAGTAGCAATTAACGG 

GCTACTGCAGCTATTTCCAGTT
TTTAGCCAC 

silent mutation in 192A 
to remove NheI 

pyrK TGACATGGCTAGCCAAA 
CGTCTCCCCTTCCCCGTCG 

GCTACTGCAGCTATCCTTTGG 
ACACCGGGGGTAATGC 

  

tpi TGACATGGCTAGCGTGC 
GAAAAATCATTATTGC 

GCTACTGCAGTCAGGGCTGA 
AAATTAACAA 

  

dxs 
qPCR 

CCCATACCAGACTAATGGTG
ATT 

TGCTGAGGCGGACTTTATTT  

sqs 
qPCR 

GCGATCGATGAAGTGGAAGA CGTCGCACTCTGGAGATTAAG  

rpoA 
qPCR 

CCATGAGTTCGCCACTATTCT GGCTGATCGGTGTAGCTTT  

Colony 
PCR 

ATGCGAATTCGCGGCCGCTTC
TAGAG 

CTGCAGCGGCCGCTACTAGT 
ATATAAACGCAGAAAGGCC 
CACCCGAAGG 

Colony PCR primers for 
insert in pEERM4 
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Supplementary Figure 1. Agarose gel electrophoresis of colony PCR products to prove the 
integration of the respective gene into the genome through heterologous recombination into the 
neutral site 2 (NS2). Number denote tested colonies, sizes of the expected PCR bands are shown. 
PCR was carried out with the colony PCR primers shown in Supplementary Table 2 (A) Dxs: 2232 
bp, IspD: 1002 bp, IspF: 795 bp (B) Tpi: 2041 bp, gapDH: 1323 bp, IspE: 1257 bp (C) IspG: 1521 bp 
(D) IspH: 1401 bp, CrtE M87F: 1089 bp (E) PyrK:2085 bp (F) Sqs: 1119 bp, Ipi: 1359 bp 

 

Supplementary Figure 2. GC-MS calibration curve for squalene after extraction of 50, 25, 12.5, 
6.25 and 3.125 μM of squalene using the method for squalene extraction from Synechocystis cells. 

-sitosterol standard, which was solved in the acetone 
used for extraction. 
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Supplementary Figure 3: Cq values of qRT-PCR primer pairs used with dilution series of cDNA. 
Primers for sqs, dxs and rpoA were tested with cDNA extracted after 3 days from Synechocystis shc 
pEERM Prha sqs pSHDY rhaS, Synechocystis shc pEERM Prha dxs pSHDY rhaS and Synechocystis 

shc pSHDY rhaS, induced with 5 mM rhamnose respectively. Primer sequences are shown in 
Suppl. Table 2. 

Supplementary Table 3: Primer efficiencies of qRT-PCR primers used with dilution series of 
cDNA. Primers for sqs, dxs and rpoA were tested with cDNA extracted after 3 days from 
Synechocystis shc pEERM Prha sqs pSHDY rhaS, Synechocystis shc pEERM Prha dxs pSHDY rhaS 
and Synechocystis shc pSHDY rhaS, induced with 5 mM rhamnose respectively. Primer sequences 
are shown in Suppl. Table 2. 

Primer 
target gene 

Efficiency 

Sqs 92.96103 
Dxs 92.99725 
RpoA 95.64115 
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Supplementary Figure 4: Results of qRT-PCR for genes sqs and dxs as log10-fold changes 
compared to the control strain in the strains Synechocystis shc pEERM Prha sqs pSHDY rhaS, 
Synechocystis shc pEERM Prha dxs pSHDY rhaS, respectively. Values were calculated via the 
2 T method, using rpoA as a housekeeping gene and cDNA extracted from Synechocystis shc 
pSHDY rhaS, treated with the same rhamnose concentration as a control strain. Primer sequences are 
shown in Suppl. Table 2. The mean and standard deviation of two biological replicates is shown, 
which were measured in technical triplicates. 

Supplementary Table 4. Squalene yield of all controls and overexpression strains under three 
different inducer concentrations. WT = Wild type Synechocystis sp. PCC 6803, is the control 
strain, in which overexpression of the specified genes took place. Mean values and standard deviations of three 
biological replicates are shown. 

Strain Rhamnose 
concentration 
[mM] 

Yield [mg L-1] Yield [mg 
OD750 -1 L-1] 

[mg gCDW-1] 

WT 
0 0.003 ± 0.101 0.001 ± 0.023 0.002 ± 0.058 
1 0.01 ± 0.03 0.003 ± 0.008 0.006 ± 0.011 
5 0.004 ± 0.06 0.001 ± 0.017 0.003 ± 0.021 

 
shc 
 

0 1.5 ± 0.1 0.47 ± 0.03 0.94 ± 0.06 
1 1.41 ± 0.02 0.44 ± 0.01 0.89 ± 0.02 
5 1.39 ± 0.06 0.42 ± 0.01 0.84 ± 0.02 

 
dxs 

 

0 1.47 ± 0.04 0.56 ± 0.04 1.13 ± 0.07 
1 1.64 ± 0.22 0.59 ± 0.06 1.18 ± 0.12 
5 1.76 ± 0.27 0.62 ± 0.08 1.26 ± 0.15 

 
ispD 

 

0 1.85 ± 0.12 0.64 ± 0.04 1.29 ± 0.07 
1 1.91 ± 0.15 0.71 ± 0.04 1.42 ± 0.08 
5 2.45 ± 0.14 0.79 ± 0.04 1.59 ± 0.08 

 0 2.53 ± 0.07 0.9 ± 0.02 1.81 ± 0.03 
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ispE 
 

1 2.52 ± 0.03 0.89 ± 0 1.78 ± 0.01 
5 2.64 ± 0.03 0.89 ± 0.01 1.79 ± 0.02 

 
ispF 

 

0 2.29 ± 0.02 0.77 ± 0.03 1.55 ± 0.05 
1 2.28 ± 0.06 0.76 ± 0.01 1.53 ± 0.03 
5 2.25 ± 0.08 0.72 ± 0.02 1.45 ± 0.05 

 
ispG 

 

0 1.72 ± 0.19 0.62 ± 0.06 1.24 ± 0.13 
1 1.98 ± 0.03 0.68 ± 0.03 1.37 ± 0.05 
5 2.01 ± 0.2 0.67 ± 0.06 1.35 ± 0.12 

 
ispH 

 

0 2.66 ± 0.05 0.92 ± 0.02 1.85 ± 0.03 
1 2.86 ± 0.04 1.03 ± 0.02 2.08 ± 0.03 
5 2.93 ± 0.17 1.05 ± 0.04 2.1 ± 0.08 

sqs 
0 2.13 ± 0.03 0.75 ± 0 1.5 ± 0.01 
1 4.96 ± 0.29 1.76 ± 0.16 3.53 ± 0.33 
5 6.23 ± 0.31 2.11 ± 0.11 4.25 ± 0.22 

Idi 
0 2.09 ± 0.09 0.72 ± 0.02 1.44 ± 0.04 
1 2.19 ± 0.07 0.78 ± 0.01 1.56 ± 0.02 
5 2.52 ± 0.04 0.82 ± 0.02 1.65 ± 0.04 

gap2 
0 1.66 ± 0.36 0.59 ± 0.13 1.18 ± 0.27 
1 1.85 ± 0.22 0.67 ± 0.07 1.36 ± 0.15 
5 1.98 ± 0.14 0.71 ± 0.05 1.42 ± 0.11 

pyrK 
0 1.94 ± 0.06 0.67 ± 0.03 1.35 ± 0.05 
1 1.93 ± 0.05 0.68 ± 0.02 1.36 ± 0.05 
5 2.28 ± 0.19 0.78 ± 0.06 1.57 ± 0.13 

tpi 
0 1.84 ± 0.03 0.66 ± 0.02 1.33 ± 0.05 
1 2.03 ± 0.06 0.7 ± 0.01 1.4 ± 0.02 
5 2.03 ± 0.03 0.68 ± 0.01 1.36 ± 0.03 
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Supplementary Figure 5. Effect of overexpressions on growth of the different strains after 3 days of 
growth with the indicated rhamnose concentration. Control denotes the shc strain in which the 
overexpression strains were constructed, WT denotes the Synechocystis sp. PCC 6803 wild type. 
Average values from three biological replicates, error bars represent the standard deviation. 

 

 

Supplementary Figure 6: Spectra of Synechocystis cells after 3 days’ incubation with 5 mM 
rhamnose, measured in 1 cm cuvettes. OD750 values were equalized across all measurements in the 
cuvettes, then the spectra were baseline corrected by subtracting the OD750 value. 
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ABSTRACT

In cyanobacteria DNA supercoiling varies over the
diurnal cycle and is integrated with temporal pro-
grams of transcription and replication. We manip-
ulated DNA supercoiling in Synechocystis sp. PCC
6803 by CRISPRi-based knockdown of gyrase sub-
units and overexpression of topoisomerase I (TopoI).
Cell division was blocked but cell growth continued
in all strains. The small endogenous plasmids were
only transiently relaxed, then became strongly su-
percoiled in the TopoI overexpression strain. Tran-
script abundances showed a pronounced 5’/3’ gradi-
ent along transcription units, incl. the rRNA genes, in
the gyrase knockdown strains. These observations
are consistent with the basic tenets of the home-
ostasis and twin-domain models of supercoiling in
bacteria. TopoI induction initially led to downregula-
tion of G+C-rich and upregulation of A+T-rich genes.
The transcriptional response quickly bifurcated into
six groups which overlap with diurnally co-expressed
gene groups. Each group shows distinct deviations
from a common core promoter structure, where heli-
cally phased A-tracts are in phase with the transcrip-
tion start site. Together, our data show that major co-
expression groups (regulons) in Synechocystis all
respond differentially to DNA supercoiling, and sug-

gest to re-evaluate the long-standing question of the
role of A-tracts in bacterial promoters.

INTRODUCTION

In vivo, theDNAdouble helix exists in a torsionally strained
and underwound state, often denoted as ‘negative DNA su-
percoiling’. In bacteria, a homeostatic feedback system of
DNA supercoiling is coupled to differential expression of
large gene groups. Supercoiling is high during times of high
metabolic flux, such as during exponential growth, and is
required to express rRNA and G+C-rich growth-related
genes and for DNA replication (1). Supercoiling arises as
a consequence of DNA transcription and replication and
is regulated by two enzymes: gyrase, a heterotetramer of
gyrA and gyrB gene products, can remove positive super-
coiling and introduce negative supercoiling, using energy
from ATP hydrolysis; and topoisomerase I (TopoI, gene:
topA) can remove negative supercoiling without any co-
factors. The transcription of both enzymes is itself regulated
by supercoiling-sensitive promoters in a negative feedback,
leading to a homeostatic control of supercoiling (2–6). The
ATP dependence of gyrase (7–9) and the control over the
expression of growth-related (rRNA, ribosomal proteins,
biosynthesis) and G+C-rich genes, and catabolism-related
and A+T-rich genes (10–16) extends this homeostatic sys-
tem to metabolism (Figure 1A).
However, the relation between DNA transcription and

replication to supercoiling is mutual and complex (1).
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Figure 1. Homeostasis and Twin-DomainModels of DNA Supercoiling. (A) Global homeostasis of supercoiling by direct feedback on the expression of
topoisomerases (GYR: Gyrase holoenzyme; TopoI: topoisomerase I) and G+C-rich anabolic/growth genes and A+T-rich catabolic and stress-response
genes. The gray coils reflect relaxed (left) or supercoiled DNA (right). Dashed arrows indicate transcription and solid arrows catalytic conversions. Green
arrows indicate the manipulations of this core regulatory hub studied in this work and the underlying hypothesis that these could be used to redirect
metabolic energy towards desired products. (B) Transcription-dependent DNA supercoiling accumulates downstream (positive) and upstream (negative)
of the RNA polymerase, widely known as the twin-domain model. If unresolved by TopoI and gyrase, this would lead to RNA polymerase stalling (blue
arrow) and R-loop formation. (C) The torsional stress exerted by transcription can lead to long-distance cooperative and antagonistic effects, where
negative supercoiling upstream facilitates and positive supercoiling downstream blocks transcription from adjacent loci.

According to the twin-domain model (17) of transcription-
dependent supercoiling (Figure 1B), negative supercoil-
ing accumulates upstream and positive supercoiling down-
stream ofRNApolymerases, leading to cooperative and an-
tagonistic long-range effects between transcription loci (18)
(Figure 1C). Strong transcriptional activity requires down-
stream activity of gyrase to set the elongation rate and avoid
RNA polymerase stalling (19–21) and upstream activity of
TopoI to avoid R-loop formation and genome instability
(22,23). Such cooperative long-range effects can underpin
temporal expression programs; locally in the leu operon
(24,25) and globally as a spatio-temporal gradient along
the origin-terminus axis of theEscherichia coli genome (26).
The DNA sequence properties of a short region (discrimi-
nator) just upstream of the transcription start site are sus-
pected to underlie the common response of many promot-
ers to both supercoiling and to guanosine tetraphosphate
(ppGpp) (27–35). Additionally, bacterial and bacteriophage
promoters often show a pattern of short repeats of A and
T nucleotides (A-tracts) upstream of the core promoter, re-
peated at distances that match the pitch of the DNA helix
(helically phased) (5,36–46), e.g. in light-responsive genes
of cyanobacteria (43). On a genome-wide scale (47–54) the
helically phased enrichment of A-tract-related dinucleotide
motifs is especially pronounced in genomes of polyploid
cyanobacteria, including Synechocystis sp. PCC6803 (here-
after: Synechocystis), where it is found in both intergenic
and protein-coding regions (53).
In cyanobacteria and chloroplasts (descendants of

cyanobacteria) supercoiling fluctuates with the light/dark
(LD) cycle (55,56), and supercoiling homeostasis is inte-
grated with the transcriptional output of the cyanobacte-
rial circadian clock in Synechococcus elongatus PCC 7942
(S. elongatus) (12,57,58). Recently, the focus has shifted to-
wards the role of ppGpp (59), in dark-phase transcription
shutdown (60) and light-phase modulation of the diurnal
transcription program (61) of S. elongatus, but ppGpp and
supercoiling affect the same type of promoters in the same
direction in many species (32). In Synechocystis, a cold-

shock induced increase in supercoiling was found to affect
fatty acid synthesis (62), and the transcriptome response
to the gyrase inhibitor novobiocin (NB) largely overlapped
with the response to various stress conditions (13).
Its central position in metabolism- and growth-related

transcription suggests supercoiling as a biotechnologi-
cal target, where an artificial de-construction and re-
construction of this homeostatic feedback may allow to
control cellular resource allocation and channel metabolic
energy into desired products. Here, we tested the current
models of supercoiling in Synechocystis, also with respect to
this biotechnological potential (Figure 1A). Overexpression
of topA (63) andCRISPRi-based knockdownof gyrase sub-
units (64) induced a pleiotropic phenotype, where cell divi-
sion was blocked but cell volume growth continued. Glyco-
gen andATP+ADP content increased only upon topA over-
expression. The transcriptome changed quickly and glob-
ally upon induction, compatible with the global homeo-
static model (Figure 1A), then remained locked in a state
reflecting the dark/light transition at dawn. A graded re-
sponse at rRNA loci and growth-related transcription units
in gyrase knockdown strains is compatible with the twin-
domain model (Figure 1B, C), where gyrase activity down-
stream of RNA polymerase facilitates strong transcription.
Coexpressed groups of transcription units show significant
deviations from a common core promoter structure.

MATERIALS AND METHODS

Strains and plasmids

The Synechocystis parental strain used for all genetic al-
terations is described by Yao et al. (64) and contains an
CRISPRi-based gene knockdown system where both the
dCas9 protein and the sgRNA expression are inducible
by anhydrotetracycline (aTc). All strains further contained
our pSNDY plasmid for rhamnose-inducible overexpres-
sion (63). Supplementary Table S1 provides details on strain
construction and plasmid design. The sgRNA protospacer
sequences (Supplementary Table S2) were designed with
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CHOPCHOP (65), and potential off-targets were predicted
after Cui et al. (66).

Batch culture conditions

For pre-culturing, growth and endpoint experiments,
strains were cultivated in BG11 medium (67) in 100ml
Erlenmeyer flasks in an Infors HT multitron chamber, at
30◦Cwith 150 rpm shaking, continuous illumination of≈80
�molm−2 m−1 and CO2 enriched air (0.5%). Pre-culturing
was performed in 20ml cell suspension for three days. For
experiments, cultures were adjusted toOD750 ≈ 0.4 in 30ml,
grown for one additional day, then density was again ad-
justed to a start OD750 ≈0.25 and all inducers were added
(100 ng/ml aTc, 1mM L-rhamnose) to each strain at time
t = 0 h. Antibiotics were added to liquid and solid media
as required to maintain genetic constructs, i.e., 25�gml−1

(liquid) and 50�gml−1 (solid) nourseothricin, 20�gml−1

spectinomycin and 25�gml−1 kanamycin.

Continuous culture, online measurements and calculations

The continuous culture was performed in a Lambda Pho-
tobioreactor (PBR) (Appendix A, Figure A1) in BG11
medium, supplemented with the required antibiotics, at
culture volume V� = 1 l, aeration with 1 lmin−1 of CO2-
enriched (0.5%) air, agitation by the Lambda fish-tail mix-
ing system at 5Hz, temperature control at 30◦C, and pH
8, with 0.5M NaOH and 0.5M H2SO4 as pH correction
solutions. After equilibration to these conditions the reac-
tor was inoculated to a start OD750 ≈0.5, from 100ml pre-
culture. White light from the Lambda LUMO module was
calibrated to �molm−2 m−1 (Figure A2E and F) and in-
tensity adjusted to achieve ≈90�molm−2 m−1 per OD750
over the experiment (Figure A2F). For evaporation control
and continuous culture mode, the total weight of the reac-
tor setup was kept constant using the built-in Lambda re-
actor mass control module and automatic addition of fresh
culture medium through the feed pump. Continuous cul-
ture was performed by setting the waste pump to a fixed
speed. The PBR was equipped with additional monitor-
ing of optical density by a DASGIP OD4 module, cali-
brated to offline OD750 (Figure A2A and B), and monitor-
ing of offgas O2 and CO2 concentrations and the weights
of feed and pH control bottles by Arduino-based custom-
built data loggers (Figure A1). Culture evaporation and
dilution rates and biomass growth rates were calculated
from the slopes of measured data (Figure A3) using piece-
wise linear segmentation with our R package dpseg (https:
//cran.r-project.org/package=dpseg, version 0.1.2 at https:
//gitlab.com/raim/dpseg/). Cell volume growth rate was cal-
culated as the rate of change of the peaks of the CASY cell
volume distributions.

Biomass measurements: OD, spectra and cell dry weight

The optical density (OD750) and absorbance spectra were
measured on a Specord200 Plus (Jena Bioscience) dual path
spectrometer, using BG11 as blank and reference. Samples
were appropriately dilutedwith BG11 beforemeasuring.All
topAOX time series samples were diluted 1:4 before record-
ing OD750. For absorbance spectra the OD750 was adjusted

to 0.5 before measurement. The spectra were all divided by
the absorbance at 750 nm.
To determine the cell dry weight (CDW) 5ml cell cul-

ture was filtered through a pre-dried and pre-weighed cel-
lulose acetate membrane (pore size 0.45�m) using a filter-
ing flask. After that the membrane was dried at 50◦C for
24 h and weighed after cooling. 5ml of filtered and dried
growth medium served as a blank. For normalization of
glycogen measurements by biomass and for estimation of
the biomass density of cells (gDCW/mlcell), Figure 5A) the
OD� signal was calibrated to CDW (Figure A2C and D).

Cell count and size distributions

To determine cell counts and size distributions, 10�l
cyanobacteria culture, pre-diluted for OD750 measurement,
were dispensed in 10ml CASYton and measured with a
Schaerfe CASY Cell Counter (Modell TTC) using a diam-
eter 45�m capillary. Cell size was recorded in the diame-
ter range 0–10�m. Each sample was measured with 400�l
in triplicate runs. Analysis of the raw data was performed
in R. Counted events in the CASY are a mix of live cells,
dead cells, cell debris and background signals. Only counts
with diameter d > 1.5�m and d < 5�m were considered
for the time series experiment (Figure 5) while a lower cut-
off d > 1.25�m was used for the endpoint measurements
(Figure 2B) to avoid cutting the distribution of the slightly
smaller topAkd cells. Since Synechocystis cells are spherical,
the cell volumes were calculated from the reported cell di-
ameters d as Vcell = ( d2 )

3π 4
3 .

Glycogen measurement

0.5ml of cell culture was harvested into reaction vessels that
had been pre-cooled on ice, samples were centrifuged at
maximum speed (5min, 4◦C). The pellets were flash-frozen
in liquid nitrogen and stored at –80◦C. The pellets were re-
suspended in 400�l KOH (30% w/v) and incubated (2 h,
95◦C). For precipitation, 1200�l ice cold ethanol was added
and the mix incubated (over night, –20◦C). After centrifu-
gation (10min, 4◦C, 10 000 g), the pellet was washed once
with 70% ethanol and again with pure ethanol. The pellets
were dried in a Concentrator Plus (Eppendorf) speed-vac
(20min, 60◦C). To degrade glycogen to glucose units, pel-
lets were resuspended in 1ml 100mM sodium acetate (pH
4.5) supplemented with amyloglucosidase powder (Sigma-
Aldrich, 10115) at a final concentration of 35 U/ml and in-
cubated (2 h, 60◦C). The sucrose/D-glucose assay kit from
Megazyme (K-SUCGL) was applied according to the man-
ufacturer’s specifications to measure the total glucose con-
tent, but omitting the fructosidase reaction step and scaling
down the total reaction volume to 850�l. Absorbance at
510 nm was measured using a BMG Clariostar photospec-
trometer.

ATP and ADP measurement

2ml tubes were preloaded with 250�l of buffer BI (3M
HClO2, 77mM EDTA). 1ml culture sample was added,
vortexed and incubated (lysis, 15min on ice). 600�l of BII
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(1M KOH, 0.5M KCl, 0.5M Tris) were added (neutral-
ization). Samples vortexed and incubated (10min, on ice),
centrifuged (10min, 0◦C, 12 000 g), flash-frozen in liquid
nitrogen and stored at –80◦C. Extracts were thawed on
ice and centrifuged (10min, 0◦C, 12 000 g). 200�l samples
were added either to 320�l of BIII/PEP (100mMHEPES,
50mMMgSO4·7H2O, adjusted to pH 7.4 with NaOH, and
1.6mM phosphoenolpyruvate (Sigma-Aldrich, 860077))
for ATP quantification or BIII/PEP + PK (BIII/PEP with
2 U/�l pyruvate kinase, (Sigma-Aldrich, P1506)) for ATP
+ ADP quantification, incubated (30min, 37◦C), and heat-
inactivated (10min, 90◦C). ATP concentrations were de-
termined using the Invitrogen ATP determination kit was
used (ThermoFisher: A22066). 10�l of each PEP or PEP +
PK-treated sample was loaded in a white 96-well plate with
solid bottom and kept on ice until the reaction was started.
The luciferase master mix was scaled down in volume, and
90�l of master mix was added to each well. Luminescence
was recorded using a BMGClariostar. ATP concentrations
were calculated from a standard curve on the same plate.

Microscopy

500�l cell culture was sampled four days after induction
and mixed with glutaraldehyde to 0.25%. After incubat-
ing for 15min at room temperature (RT) samples were
flash-frozen in liquid nitrogen and stored at –80◦C. Cells
were thawed on ice for 2 h and additionally 30min at RT.
Then washed twice with 1ml 1× PBS (phosphate buffered
saline) and stained with HOECHST 33342 (1�gml−1,
ThermoFisher: 62249) and propidium iodide (30�m, Ther-
moFisher: L13152). After 15min incubation cells were
washed with 1ml 1× PBS. Coverslips (18 × 18 mM, IDL:
19 00 02460) were covered with poly-L-lysine solution for
5 min. Poly-L-lysine solution was removed with a pipette.
Coverslips were placed in six-well plates and covered with
1ml 1× PBS, 10�l cell suspension was added, and the
well plates centrifuged at 1500 g for 15min. Coverslips were
placed on slides and images were captured with the Olym-
pus FluoView FV3000 confocal microscope. HOECHST
fluorescence was excited with a 405 nm laser and emission
was captured from 430 to 470 nm. Chlorophyll was ex-
cited with a 640 nm laser and emission was captured from
650 to 750 nm. Images were analyzed using Fiji (ImageJ,
version: 2.1.0/1.53f51). To automatically detect cells and
measure cell dimensions the plugin ObjectJ (version: 1.04z)
and its Coli-Inspector macro were used (68), with minimum
and maximum widths of 0.5 and 3.5�m, applied to the
chlorohpyll fluorescence images. Some objects were man-
ually edited: undetected cells were added, 8-shaped cells
recognized as two single cells were merged, and artifacts
marked as objects were deleted. To determine the ratios
of single cells and 8-shaped cells, cells were counted man-
ually. Images for publication were prepared following the
QUAREP-LiMi guidelines (69).

Flow cytometry and analysis

Samples were fixed in 4% para-formaldehyde in 1× PBS,
washed three times in 1× PBS, and stained with the SYTO9
green fluorescent nucleic acid stain from the LIVE/DEAD

BacLight kit (ThermoFisher, L13152) according to manu-
facturer’s instructions. The flow cytometric measurements
were taken at the FACS Facility at the Heinrich-Heine
University (Dipl.-Biol. Klaus L. Meyer) using a BD FAC-
SAria III. Forward scatter (FSC) and side-scatter (SSC)
were recorded. Syto9 was measured with a 530/30 nm filter,
and chlorophyll fluorescence was measured with 695/40 nm
filter. For each sample 10 000 events (cells, debris and back-
ground) were recorded. Data was exported in .fcs format,
parsed and analyzed using the flowCore R package (70),
and plotted using our in-house segmenTools R package.

Total DNA and plasmid extractions

To isolate total DNA, 1ml culture was centrifuged at max-
imum speed (10min, 4◦C), flash-frozen in liquid nitro-
gen and stored at −80◦C. Thawed samples were resus-
pended in 1ml 1× TE buffer, and incubated (1 h, 37◦C)
with 100�l lysozyme (50mg/ml stock solution). 10�l Pro-
teinase K (20mg/ml) and 100�l 20% SDS were added
and samples incubated ( 20 h, 37◦C). DNA was extracted
in Phasemaker Tubes (ThermoFisher: A33248) with one
volume of phenol/chloroform/isoamyl alcohol, centrifu-
gation at maximal speed (10min, 4◦C). The upper phase
was transferred, mixed with 100 ng/�l RNAse A and in-
cubated (15min, 37◦C). After addition of 1 volume of
chloroform/isoamyl alcohol, the centrifugation step was re-
peated. DNA was precipitated from the upper phase with
1 volume 2-propanol (over night, −20◦C), and pelleted by
centrifugation at maximal speed (10min, 4◦C). The pellet
was washed twice with 500�l ice-cold 70% EtOH and cen-
trifuged at maximal speed (10min, at 4◦C), dried at room
temperature, and resuspended in 30�l MilliQ water.

To isolate the small endogenous plasmids, 20ml of
cell culture were mixed with 20ml of undenatured 99.5%
ethanol, pre-cooled to−80◦C, in 50ml centrifuge tubes and
stored at −80◦C until processing. Samples were thawed on
ice, centrifuged (10min, 4◦C, 4000 g). The QIAprep Spin
Miniprep kit was modified to extract plasmids from the
pellet. The cell pellet was resuspended in 250�l Qiagen
P1 solution and transferred to 1.5ml reaction tubes, 50�l
lysozyme solution (50mgml−1) was added, and the mix in-
cubated (1 h, 37◦C). Then 55�l of 20% SDS and 3�l of
proteinase K (20mgml−1) were added and the mix incu-
bated (16 h, 37◦C). Further extraction proceeded with al-
kaline lysis (Qiagen P2) as per manufacturer’s instruction
but with volumes adjusted. To enrich covalently closed cir-
cular DNA, the samples where digested with the T5 exonu-
clease (NEB: M0363, 30min, 37◦C), and purified with the
QIAprep Spin Miniprep kit.

Chloroquine agarose gel electrophoresis of plasmids

Agarose gels (1.2%) with 20�gml−1 chloroquine diphos-
phate (CQ, Sigma: C6628-50G, CAS: 50-63-5 in 0.5×
TBE buffer) were performed as detailed at protocols.io
(https://dx.doi.org/10.17504/protocols.io.rbcd2iw) and in a
bioRxiv preprint (71), Briefly, gels were run at 1.8V cm−1,
protected from light and for 18 h–22 h (as indicated, Sup-
plementary Figure S2), stained with SYBR Gold (Ther-
moFisher: S11494) and imaged on a BioRad Imaging Sys-
tem (ChemiDocMP). Electropherograms of each lane were
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extracted in ImageJ and processed in R, with smooth-
ing and peak detection functions from the msProcess
R package (version 1.0.7) (https://cran.r-project.org/web/
packages/msProcess/). A baseline was determined in two
steps using the msSmoothLoess function. The first step
used the full signal and served to determine the coarse posi-
tions of peaks. The final baseline was then calculated from
the signal after removal of peak values and subtracted from
the total signal and subtracted from all electropherograms.

RNA extraction and processing

1ml culture was added to 250�l pure ethanol supplemented
with 5%phenol, flash-frozen in liquid nitrogen and stored at
−80◦C. RNA was extracted after (72) with some modifica-
tions. Frozen samples were centrifuged (10min, 4◦C, maxi-
mum speed), and the pellet resuspended in 1ml PGTX (per
1 l: 39.6 g phenol, 6.9ml glycerol, 0.1 g 8-hydroxyquinoline,
0.58 g EDTA , 0.8 g sodium acetate, 9.5 g guanidine thio-
cyanate, 4.6 g guanidine hydrochloride and 2ml Triton X-
100) and incubated (5min, 95◦C). After cooling on ice
for 2min, 700�l chloroform:isoamyl alcohol (24:1) was
added and the mixture incubated ( 10min, room temper-
ature) while shaking gently. The mixture was centrifuged
(10min, 4◦C, maximal speed). The upper phase was trans-
ferred to a fresh tube and 1 volume chloroform:isoamyl al-
cohol was added. After repeating the centrifugation step,
the upper phase was transferred and precipitated with 3 vol-
umes of 99.5% ethanol and 1/2 volume 7.5M ammonium
acetate and (time series only) 1�l RNA-grade glycogen at
−20◦C over night. The RNA was pelleted by centrifuga-
tion (30min, 4◦C,maximum speed), washed twice with 70%
ethanol and resuspended in 30�l RNase-free water. Vol-
umes were adjusted to contain 2�g of nucleic acid (Nan-
odrop), andDNAwas removed byDNaseI (ThermoFisher:
EN0525) according to the manufacturer’s specifications but
at 2× reaction buffer concentration. RNA was extracted as
above but using 1/10 volume of 3M sodium acetate (pH
5.3) instead of ammonium acetate.

Quantitative RT-PCR

100 ng DNaseI-digested RNA samples were reverse-
transcribed to cDNA using the RevertAid RT (Ther-
moFisher: K1621) according to the manufacturer’s spec-
ifications in a reaction volume of 20�l, and RT-qPCR
performed with the DyNAmo ColorFlash SYBR Green
qPCR-Kit (ThermoFisher: F416L). Briefly, 60�l RNase-
free water was added to the cDNA reaction mix. 2�l
(2.5 ng) were transferred into qPCR 96-well microplates
and 8�l Master Mix added. Primer efficiencies (Supple-
mentary Table S3) were assessed from calibration curves.
Primers were added at a final concentration of 0.5mM. The
thermal cycling conditions were: 7min at 95◦C, followed by
40 cycles of 5 s at 95◦C and 30 s at 60◦C. Melting curves
were recorded for each sample to ensure sample purity. RT-
negative controls and no-template-controls (distilled water)
were included for each run. Each sample was loaded in tech-
nical triplicates. Gene expression changes at indicated time
points were then quantified by the��Ctmethod (73), using
rpoA as a reference gene (74), and a time point before induc-
tion of genetic construct (time series) or the empty vector

control (EVC) strain (batch culture endpoint experiments)
as the reference expression state.��Ct is then the log2 fold-
change with respect to this reference state.MIQE guidelines
were followed where applicable.

RNAseq: total RNAanalysis, library generation and sequenc-
ing

DNaseI-digested RNA samples (25�l) were sent for se-
quencing analysis. RNA quality was evaluated spectromet-
rically by TrineanXpose (Gentbrugge, Belgium) and by size
separation by capillary gel electrophoresis on an Agilent
2100 Bioanalyzer with the RNA Nano 6000 kit (Agilent
Technologies, Böblingen, Germany). For total RNA anal-
ysis, electropherograms were parsed from exported XML
files using the R package bioanalyzeR (v 0.9.1, ob-
tained from https://github.com/jwfoley/bioanalyzeR) (75),
and each lane was divided by the total RNA content as re-
ported by the Agilent 2100 Bioanalyzer software. The Illu-
mina Ribo-Zero Plus rRNA Depletion Kit was then used
to remove the ribosomal RNA, and removal confirmed by
capillary gel electrophoresis as above. Preparation of cDNA
libraries was performed according to the manufacturer’s in-
structions for the TruSeq stranded mRNA kit (Illumina,
San Diego, CA, United States). Subsequently, each cDNA
library was sequenced on an Illumina NextSeq 500 system
(2 × 75 nt, PE high output v2.5).

RNAseq: read mapping

The resulting sequence reads were quality trimmed with
Trimmomatic v0.33 (76) using standard setting. The qual-
ity trimmed reads were subsequently mapped to coding
genes of the Synechocystis sp. PCC 6803 reference genome,
its seven endogenous plasmids and our pSNDY construct
(Supplementary Table S4) using Bowtie 2 (77). For the
endpoint measurements from batch cultures the log2 fold
changes with respect to the control (EVC) were calculated
with the DESeq2 algorithm (78) via the ReadXplorer soft-
ware version 2.0 (79), based on three replicate measure-
ments for each strain (‘M-value’), and these values are de-
noted log2(<strain>/EVC) in figures, where<strain> is the
tested strain and EVC is the control strain. For the analy-
sis of the expression gradient within transcription units, the
difference of these values between the first and the last tran-
scribed gene of each TU was taken. This difference equals
the log2 ratio of the fold changes. For the time series read
count data were normalized by library sizes to the tran-
scripts per kilobase million (TPM) unit. Missing values at
individual time points were interpreted as 0 TPM. For plots,
the log2 fold change of each time point to the mean of the
two pre-induction time points was calculated, denoted as
log2 (xi/x1,2) in figures.

Clustering analyses

For clustering the time series into co-expressed groups, a
previously established pipeline was used (80,81). The input
time series were RNAseq samples 2 to 16 (from –0.5 to 72 h
around the time of induction at 0 h), i.e., without the first
pre-induction time-point and ignoring the two long-term
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response samples (SupplementaryFigure S12C). Briefly, the
time-series of TPM values was arcsinh-transformed, the
Discrete Fourier Transform (DFT) Xk was calculated, each
DFT component k > 0 normalized (X′

k) to the mean of
amplitudes at all other components k > 1. The real and
imaginary parts of selected components X′

k=1,...,6 were then
clustered with the flowClust algorithm (82) over clus-
ter numbers K = 2, . . . , 10. The clustering with the maxi-
mal Bayesian Information Criterion, as reported by flow-
Clust (Supplementary Figure S12A), was selected for fur-
ther analyses. Data transformation and clustering were per-
formed by the processTimeseries and the cluster-
Timeseries2 functions of segmenTier and segmen-
Tools R packages (81), respectively. The resulting clusters
were sorted and colored based on the comparison with di-
urnal co-expression cohorts (Figure 6 and Supplementary
Figure S17) for informative plots of the subsequent anal-
yses. To map this clustering from genes to transcription
units (TU) (83), the mean expression of all coding genes
in each TU was calculated. The resulting TU time-series
were then clustered by k-means, using the cluster cen-
ters from the gene-based clustering as input (Supplemen-
tary Figure S18). To estimate the immediate transcriptional
response to topA overexpression the log2 ratio of the means
of the two post-induction time points (5min, 20min, or as
indicated) to the means the two pre-induction time points
(−1 day, −35min) were calculated (log2 (x3,4/x1,2)). Tran-
scripts with negative values (<−�) were labeled as ‘down’,
with positive values (>�) as ‘up’, and all others as ‘nc’ (for
‘no change’). A low threshold � = 0.01 was used for the
gene-level analysis (Figure 6D, E), since here a comprehen-
sive picture of directionality was desired, and a stricter �
= 0.15 for TU-level analysis (Supplementary Figure S18C)
since the extremes were of interest for promoter struc-
tural analysis. Diurnal expression data (84) were obtained
fromGEO (GSE79714) and genes summarized as the mean
over all associated probes. These expression values were
clustered (Supplementary Figure S17) as described for the
RNAseq data, but using the flowclusterTimeseries
function.

Cluster enrichment profiles

Categorical enrichments, e.g., coding gene co-expression
cohorts vs. gene annotations, were analyzed by cumulative
hypergeometric distribution tests (R’s phyper) using seg-
menTools’s clusterCluster function and the clus-
terAnnotation wrapper for GO and and protein com-
plex analysis, which compares overlaps of each pair of two
distinct classifications into multiple classes, and stores over-
lap counts and P-values (enrichment tables). To analyze
log2 fold-changes by clusters two-sided t-test were per-
formed (R base function t-test, incl. Welch approxima-
tion for different sample sizes), comparing the distribu-
tion of values of the cluster with all other values (function
clusterProfile).
For intuitively informative plots the enrichment table

rows were sorted along the other dimension (table columns)
such that all categories enriched above a certain threshold
psort in the first column cluster are moved to the top, and,

within, sorted by increasing p-values. Next, the same sort-
ing was applied to all remaining row clusters for the second
column cluster, and so on until the last column cluster. Re-
maining row clusters are either plotted unsorted below a red
line or removed. This is especially useful to visualize enrich-
ment of functional categories along the temporal program
of co-expression cohorts, e.g., Figure 6B. This sorting is im-
plemented in segmenTools’ function sortOverlaps.
Sorted enrichment tables were visualized as colored table

plots (Enrichment Profiles) (e.g. Figure 6B, C), using seg-
menTools’ function plotOverlaps. For the categorical
overlap tests, the total counts of overlapping pairs are plot-
ted as text, and for t-test profiles the rounded t statistic. The
text color is black or white based on a p-value cutoff ptxt (as
indicated). The field background color intensities scale with
log2(p) of the reported p-values, where the full color corre-
sponds to a minimal p-value pmin cutoff (as indicated) and
white reflects p= 1. For categorical enrichment tests the full
color is black. For numerical tests, the sign of the t statis-
tic is used to determine a color to indicate the direction of
change: red for negative values (t < 0, downregulated) and
blue for positive values (t > 0, upregulated).

Promoter nucleotide frequency profiles

Only transcription units from the main chromosome were
considered for promoter structure analysis. The genome se-
quence was converted into a vector of 0 and 1, where 1 in-
dicates occurrence of the motif under consideration. Motif
occurrence vectors upstream and downstream of transcrip-
tion start sites were extracted from the genome vector and
aligned into a matrix (columns: positions around the align-
ment anchor, rows: all genomic sites under consideration).
The occurrence of a motif in all sequences of a cluster were
counted at each position in 66 or 5 bp windows surrounding
the position. Cumulative hypergeometric distribution tests
(R’s phyper) were performed to analyze statistical enrich-
ment or deprivation within the window of all TU in a clus-
ter vs. the same window in all TU. The mean position-wise
motif occurrence (frequency, in%) was plotted on the y-axis
and the size of the plotted data point was scaled by the en-
richment and deprivation p-values to emphasize regions of
significant difference. The maximal size was determined by
the minimum p-value in each test series, as indicated in the
Figure legends. The point style (closed or open circles) in-
dicates the directionality of the test (enriched or deprived).
These significance points are shown at every third or tenth
position to avoid overlaps.

Other data sources

Genome sequences and annotation were downloaded
from NCBI (Supplementary Table S4). The gene ‘cate-
gories’ annotation was downloaded on 2017-09-23 from
CyanoBase, file category.txt (85). Gene Ontology annota-
tion was downloaded from the UniProt database (2021-
03-20, organism:1111708) (86). Datasets from other
publications were all obtained from the supplemental ma-
terials of the indicated publications.
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Figure 2. Batch culture endpoint measurements. Overexpression and knockdown strains of this study where grown for 5 days in BG11 medium supple-
mented with all required antibiotics, and all inducers for the plasmid constructs in each experiment (100 ng/ml aTc, 1 mM L-rhamnose). (A) The optical
density at 750 nm (OD750) was measured daily and cell dry weight (CDW) determined directly after the last measurement on day 5. (B, C) Electrophero-
grams of chloroquine-supplemented agarose gels (1.2% agarose, 20 �g ml−1 chloroquine) of plasmids extracted at harvest time (B) of the cultures in (A), or
as a time series (growth curve, Supplementary Figure S2D) of the topAOX strain (C). The migration direction of more supercoiled and more relaxed topoi-
somers is indicated. See Supplementary Figure S2 for the original gel images. (D) Cell counts and size distributions were measured daily in the CASY cell
counter and plotted as a gray-scale gradient (black: more cells at this volume). (E) Absorption spectra after the harvest on day 5. See Supplementary Figure
S1B for spectra at inoculation time. All spectra were divided by the absorption at 750 nm. (F) Glycogen content at harvest time was determined by a col-
orimetric assay after harvest, and boxplots of 18 technical replicates (three samples, each measured 3× in two assays) are shown. (G) ATP and ATP+ADP
contents at harvest time were determined by a luciferase-based assay, and boxplots of six technical replicates (three samples and two measurements) are
shown.

RESULTS

Cell division block and redirection of cellular resources

Manipulation of gyrase and Topoisomerase I expression.
Based on the current models of the role of DNA super-
coiling homeostasis in bacteria (Figure 1A), we hypothe-
sized that artificial genome relaxation should inhibit growth
and redirect metabolic flux. To test this idea, we constructed
three strains (Supplementary Table S1) to inducibly repress
(knockdown, kd) gyrase subunits with the dCas9-mediated
CRISPR-interference system (64), and one strain to over-
express TopoI: strains gyrAkd (target: slr0417), gyrBkd

(sll2005) and gyrABkd (both subunits), all inducible by an-
hydrotetracycline (aTc); and strain topAOX with slr2058
with a rhamnose-inducible promoter on the pSNDY plas-
mid (63). As controls, we included a TopoI knockdown
strain (topAkd), and an empty vector control (EVC) strain,

bearing all plasmids but without the sgRNA or the topA
gene. All six strains were induced with aTc and rhamnose
and cultured in continuous light for 5 days (Figure 2A), then
harvested for quantification of plasmid supercoiling, cell
dry weight, ATP + ADP, and glycogen. Reverse transcrip-
tion quantitative PCR (RT-qPCR) verified the functional-
ity of our inducible genetic constructs, but two reference
genes gave disparate results (Supplementary Figure S1A).
This points to global changes of the transcriptome and pre-
cludes quantification in terms of fold changes byRT-qPCR,
which we resolve below by RNAseq analysis.

Hypernegative plasmid supercoiling in the topAOX strain.
To analyze the specificity of our manipulations, we first in-
vestigated the effects on plasmid supercoiling by agarose
gel electrophoresis in the presence of an intercalator. Sam-
ples taken from the harvest time of the batch growth ex-
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Figure 3. Microscopy and Flow Cytometry Confirm the Volume Growth Phenotype. (A) Fluorescence microscopy images of typical round and dividing
cells, after 4 days of growth with or without the inducers (Supplementary Figure S3). The bar indicates 2 �m. Chlorophyll-specific fluorescence is shown
in blue and DNA-specific (HOECHST 33342) fluorescence in red. Bright-field and single channel images are provided in Supplementary Figure S4. (B, C)
Flow cytometry after 6 days of growth in the presence of the inducers (Supplementary Figure S6). The natural logarithms of forward scatter, side scatter
(B) and nucleic acid stain Syto9 (C) were calculated and 2D distributions plotted as contour plots (flow cytometry raw data: Supplementary Figure S7).

periments showed three sets of topoisomer bands (Supple-
mentary Figure S2A), consistent with the presence of three
annotated small plasmids of Synechocystis, pCA2.4 M,
pCB2.4 M and pCC5.2 M. Electropherograms of the two
smaller plasmids indicate that only strains gyrAkd and
gyrABkd showed plasmid relaxation (Figure 2B). We could
not extract plasmids from the topAkd strain (Supplemen-
tary Figure S2A). Unexpectedly, plasmids in the topAOX

and gyrBkd strains had a higher level of supercoiling. To in-
vestigate this effect, we measured plasmid supercoiling as a
time series of the topAOX strain after inoculation in fresh
medium with and without the inducer (Supplementary Fig-
ure S2B–F). The gel run time was increased to better sep-
arate topoisomers of pCC5.2 M. All three plasmids were
more relaxed after induction for 3 h (Figure 2C). Already
after 8 h the trend had reversed, and at 20–34 h plasmids
weremore supercoiled than at time 0 h and in the uninduced
control time series (Supplementary Figure S2C). Then plas-
mids became further supercoiled to an extent where topoi-
somers were not separable anymore. In summary, the effects
on plasmids verify the functionality of our constructs on
protein activity level, and indicate quick compensatory re-
actions.

Cell volume growth, and increased adenosine and glycogen
content. Next, we investigated the phenotypes to test the
hypothesis that genome relaxing manipulations could set
free cellular energy for potential use in bioproduction. Ini-
tially, all cultures showed comparable growth. After three
days all strains except topAkd grew slower than the EVC;
and topAOX showed the strongest growth defect. The cell
dry weight (CDW) at harvest time correlated with the final
OD750 of the cultures (Figure 2A), but was relatively higher
for the EVC and topAkd strains. Cell volume distributions
of the EVC and topAkd strains showed a transient small in-
crease (≈ 10%) on the first day of cultivation and were sta-
ble thereafter (Figure 2D). In contrast, cell volumes of the
gyrkd and topAOX strains increased over time, from 4 –5 fL
to 12–15 fL after four days of cultivation. Total cell numbers
increased only slightly. Thus, strains where gyrase subunits
were knocked down or TopoI was overexpressed showed in-
hibition of cell division but not of cell growth. Absorption

spectra (Figure 2E, Supplementary Figure S1B) showed
an overall decrease of all pigments in topAOX. The gyrkd

strains showed a stronger decrease at chlorophyll-specific
wavelengths than at phycocyanin-specific wavelengths. All
knockdown strains showed glycogen levels similar to the
EVC, with 25 % of the total CDW (Figure 2F). In contrast,
topAOX contained more than twice as much glycogen, 55%
of the CDW, and more than four times as much ATP+ADP
as the EVC (Figure 2G). gyrBkd and gyrABkd accumulated
about twice as much ATP+ADP as the EVC; topAkd and
gyrAkd showed no difference to the EVC control. While the
strains show clear differences in their metabolic phenotype,
the volume growth phenotype is consistent for all manipu-
lations that should (in principle) decrease supercoiling and
not seen in the two controls; a further verification of the
functionality of our constructs.

Confirmation by microscopy and flow cytometry. The
conductivity-based cell sizes provided by the CASY sys-
tem does not distinguish cell shape. We thus confirmed the
volume growth phenotype by fluorescence microscopy and
flow cytometry, each with nucleic acid staining. Cell vol-
umes were increased in the gyrAkd and topAOX strains only
in the presence of the inducers (Figure 3A, Supplementary
Figures S3 and S4). The cell size distributions, measured
from microscopy images with the Coli-Inspector (68)
(Supplementary Figure S3D), agreed well with the CASY
data (Supplementary Figure S5). Manual counting of cells
in division (8-shaped) or estimation from the distribution
of cell widths and lengths showed an increase from < 10%
to ≈ 20% after four days of growth in the presence of the
inducers (Supplementary Figure S5D, E). The phenotype
was further confirmed by flow cytometry (Figure 3B, Sup-
plementary Figure S7): forward scatter (FSC), which re-
flects cell size, was increased in all strains, and most in
topAOX. Total nucleic acid content (RNA+DNA) also in-
creased with cell size (Figure 3C).

Reduction of rRNA, global remodeling of mRNA & homeo-
static regulation of supercoiling enzymes. To investigate the
effects on transcription, the same cultures that were used
for flow cytometry (Supplementary Figure S6A) were sub-
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Figure 4. Global transcriptome changes and homeostatic regulation of topoisomerase genes. (A) Electropherograms of the capillary gel electrophoresis
analysis of extracted RNA used for RNAseq. The fluorescence signal of each lane was normalized by the total RNA content as reported by the Bioanalyzer
2100 software (Supplementary Figure S6C). Lines are the means of three replicates (Supplementary Figures S8 and S9). Locations of the 16S, the 23S and
the large fragment of the 23S rRNA (23S.L) are indicated on the x-axis. Arrows indicate the maxima of the 16S rRNA peaks. (B, C) Expression changes
of coding genes in induced strains relative to the control strain (EVC) were derived as the log2 ratio of RPKM normalized read counts and then compared
between the three different strains by 2D histograms (yellow: highest and purple: lowest local density of genes). The Pearson correlations (r) are indicated
in the bottom right corner. (B) gyrAkd (y-axis) versus gyrBkd (x-axis) strains. (C) gyrAkd (y-axis) versus topAOX (x-axis). The induction/repression and
the homeostatic responses of gyrA, gyrB and topA are highlighted by arrows from the origin to indicate the direction of change. (D) Expression changes
of the targeted topoisomerase genes, the gyrA/parC homolog sll1941, the HU protein (sll1712), the qPCR reference rpoA, and the predicted CRISPRi
off-targets (indicated by colored stripes). Error bars are standard errors reported by DESeq2.

jected to transcriptome analysis. Total RNA composition
and the relative abundances of rRNA and mRNA were an-
alyzed by capillary gel electrophoresis (Supplementary Fig-
ures S6B, C, S8). Ribosomal RNA species were strongly re-
duced in the gyrAkd and gyrBkd strains and less reduced
in topAOX (Figure 4A, Supplementary Figure S9). Interest-
ingly, the reductionwas stronger for the 23S than for the 16S
subunit, even though they are synthesized as one transcript,
with 16S upstream and 23S downstream, and processed into
subunits co-transcriptionally (87). The same RNA sam-
ples were further processed (rRNA species depleted) and
sequenced on the Illumina platform, and transcript abun-
dances relative to the EVC control strain (fold change) eval-
uated with DESeq2 (78). All strains showed overall simi-
lar expression changes, but the extent was lower in topAOX

(Figure 4B, C). However, this difference could also just
reflect normalization effects (88) by the decreased rRNA
content in the gyrase knockdowns. In all strains, the tar-
getedmanipulationwas still observable at harvest time (Fig-
ure 4B–D), i.e., gyrA transcripts were reduced in gyrAkd,
gyrB transcripts in gyrBkd and topA transcripts were in-
creased in topAOX. The non-manipulated genes showed the
compensatory response expected from homeostatic regu-
lation, i.e., topA was repressed in both gyrkd strains, and

all non-manipulated gyrase subunits were upregulated in
all experiments. Transcription of the DNA binding pro-
tein HU (sll1712) was strongly downregulated in the gyrkd

strains but only weakly in the topAOX strain. In contrast,
the sll1941 gene, annotated either as a second gyrase A
subunit or as the topoisomerase IV ParC subunit (89,90),
showed no response in either experiment. The upregula-
tion of the qPCR reference gene rpoA in all strains ex-
plains the disparate results of RT-qPCR (Supplementary
Figure S10B–D). Both CRISPRi constructs have potential
off-targets (Supplementary Table S2). Indeed, the succinate
dehydrogenase gene sll1625 (91,92) a predicted off-target of
the gyrB-specific sgRNA was downregulated in the gyrBkd

strain (Figure 4D), while other off-targets were not system-
atically affected.

Dynamic response and adaptation to topoisomerase I overex-
pression

Compensatory regulation of the non-manipulated topoiso-
merase genes in each strain was observed even five days af-
ter induction. Ribosomal RNA synthesis was strongly im-
paired. These observations are compatible with the estab-
lished models of the role of supercoiling in bacterial tran-
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Figure 5. Pulsed induction in continuous culture. (A) Photobioreactor growth of the topAOX strain (1 l BG11 medium, 0.5% CO2, illumination ≈90 �mol
m−2 m−1 per OD750). Optical density was recorded online (OD�) and post-calibrated to offline OD750. The arrows indicate inoc.: inoculation; cnt.:
onset of continuous culture (rate � = 0.01 h−1); IND.: induction of topA by pulse-addition of rhamnose to 2 mM (0.33 g l−1) at time 0 day; and batch:
switch-off of dilution. The dashed black line shows the theoretical wash-out curve of rhamnose ( g l−1). Cell dry weight (CDW, g l−1, red) and glycogen
content ( g l−1, blue) were measured at the indicated times (points), and LOESS regressions are shown (solid lines) with 95% confidence intervals (dashed
lines). The CASY-based cell volume distributions (Supplementary Figure S11A) are shown as a background in gray-scale for reference. (B) The detrended
OD� signal (red line, Supplementary Figure S11D) shows a≈24 h trend throughout batch phase and continuous culture before induction (IND.) A wavelet
analysis of the dominant periods in the signal is shown as gray-scale background (right axis).

scription (Figure 1). The resulting phenotypes may there-
fore reflect such compensatory regulation. To investigate the
direct effects of our manipulations, we selected the strain
with the most pronounced phenotype, topAOX, and stud-
ied the transient effects after induction in continuous cul-
ture. The culture was grown in continuous light at OD750
≈ 2.7 and with a dilution rate � ≈ 0.24 d−1 (Figure 5A,
Supplementary Figure S11). After pulse-addition of the in-
ducer rhamnose, the topA transcript abundance increased
to ≈ 45x over its pre-induction level (Supplementary Fig-
ure S10F, G). Cell division was inhibited and cell volumes
increased with similar kinetics as in the batch culture ex-
periments. Glycogen content increased to ≈40 % of the
CDW. After inducer wash-out, cells recovered to their pre-
induction state. Appendix A provides a detailed record
of these culture dynamics. The online OD signal (OD�)
showed a subtle ≈24 h component which vanished after
topA induction (Supplementary Figure S11D). Sustained
circadian rhythms in constant light have been reported be-
fore (93). However, we sampled daily for OD750 and absorp-
tion spectra, and can not exclude that we inadvertently en-
trained the culture. Sampling in high temporal resolution
may similarly have affected the disappearance of the signal
after induction.

Dynamic transcriptome response in continuous culture.
Samples for RNAseq analysis were taken at three differ-
ent time scales, i.e., in highest resolution around induction
(–35, 5, 20, 60min), then over 3 days (4–8 h time steps), and
three further samples until 26 days, covering the phases of
volume increase and recovery. Coding gene transcript read
counts were calculated, the resulting time series clustered
(Figure 6A, Supplementary Figure S12) and clusters sorted
based on the following analysis. The clusters were scanned
for statistical enrichments with functional category annota-
tions (Figure 6B, Supplementary Figures S14 and S15) and
with clusterings from published experiments. Specifically,
we tested for enrichments of (i) genes that responded coher-
ently to stress conditions in the presence or absence of the
gyrase inhibitor novobiocin (13), (ii) genes that were either
upregulated or downregulated with increasing growth rate

(94), and (iii) two diurnal (light/dark) time series (53,84)
that were clustered with the same method (Supplementary
Figure S17).
Over the first three days post-induction (Figure 6A), clus-

ter 1 (red) transcripts were upregulated in waves with a
≈24 h pattern and afterwards returned to pre-induction
levels. This cluster is enriched with genes encoding for ri-
bosomal proteins and biosynthetic enzymes (Figure 6B),
with genes that positively correlated with growth rate, and
genes that peaked at dawn (Figure 6C, Supplementary Fig-
ure S14B). Cluster 2 (yellow) transcripts were downregu-
lated in our experiment and comprise most photosynthesis
genes, and overlap with gene groups that were downregu-
lated in stress conditions, negatively correlated with growth
rate, and peaked at noon. Cluster 3 (green) transcript abun-
dances initially decreased and showed a weak ≈24 h pat-
tern, opposite to the transcripts of cluster 1. It is enriched
with genes peaking at noon or dusk. The transcript abun-
dances of clusters 5 and 6 (blue and cyan) increased from
1day post-induction, were enriched with genes that peak
at night, with DNA replication and repair machinery, and
with transposons. These clusters also containmost plasmid-
encoded transcripts (Supplementary Figure S16), and were
not upregulated in the endpoint measurement of the gyrkd

strains (Figure 6C). And finally, the largest cluster 4 (gray)
comprises the genes with the weakest response to induction
of topA overexpression. In summary, topA overexpression
differentially affected gene cohorts that overlapped with
genes whose transcript levels change over the diurnal cycle
(84) and vary with growth rates (94). Diurnal cohorts that
are expressed at night or at dawn were upregulated, while
cohorts expressed at noon and dusk were downregulated.

Alignment of −10 and TSS with the structural code

Our intervention thus revealed gene groups that were also
co-regulated in previous experiments. To analyze the under-
lying promoter structures we mapped the clustering onto
transcription units (TU) (83) (Supplementary Figure S18),
and calculated the nucleotide content around their tran-
scription start sites (TSS). To avoid bias we only consid-
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Figure 6. Cluster analysis of the transcriptome time series data. (A) Cluster medians of transcript abundances (solid lines), relative to the mean of two
pre-induction samples. The transparent ranges indicate the 25%/75% quantiles; points and ticks on upper axis indicate the RNAseq sampling times. Cluster
labels (1–6) and sizes (number of genes) are indicated in the legend. (B) Sorted enrichment profile of the six clusters with the CyanoBase ‘categories’ gene
annotation. The numbers are the gene counts in each overlap, and gray scale indicates the statistical significance (enrichment) of these counts (black field:
pmin ≤ 10−10; white text: ptxt ≤ 10−5). Only overlaps with psort ≤ 0.01 are shown (full contingency table in Supplementary Figure S14A). (C) Enrichment
profiles (gray scale as in (B)) with other published gene classifications (see text) and t-value profiles (red-blue scale, Supplementary Figure S13) of clusters in
the end-point transcriptome experiments. Blue indicates upregulation (t> 0) and red downregulation (t< 0). (D) Cluster medians as in (A) but zoomed in
on the first 5 h after induction. (E) Cluster enrichment profile (gray scale as in (B)) with genes upregulated (up), downregulated (down) or without change
(nc), 5–20 min (left) or 2.5–3 days (right) after induction.

ered TU from the main genome for these analyses. As ex-
pected from many other bacterial species (10,12,14,16), the
differential response to manipulation of supercoiling cor-
relates with the G+C content of the coding region (Fig-
ure 7A). This is especially pronounced in the TU that were
most upregulated or downregulated 20min after induc-
tion, and in the typical direction, i.e., upregulated TU are
A+T-rich and downregulated TU are G+C-rich (Supple-
mentary Figure S19B). However, already 1 h post-induction
the different clusters bifurcated, and one G+C-rich clus-
ter (1, red) became upregulated, while one A+T-rich clus-
ter (3, green) became downregulated (Figure 6D, E). Next,
we focused on the core promoter (Figure 7B–D, Supple-
mentary Figures S19–S24) to query for previously described
supercoiling-sensitive structural features (32,52). This re-
vealed a distinctive feature of Synechocystis promoters,
namely, a strong coupling of the TSS with an A-tract-based
structural DNA code present in most bacterial genomes
(47,51), but specifically pronounced in polyploid cyanobac-
teria such as Synechocystis (53). A-tracts of length four

show a clear helically phased enrichment with the maximal
peak at the −10 bp region of the promoter (Supplementary
Figure S20A). This A-tract pattern can be further decom-
posed into a helically phased enrichment of the AT2 dinu-
cleotide motif (ApA, ApT, TpT) and a localized enrichment
of the complementary TpA step just upstream of the −10
peak of AT2, and again at the TSS (Figure 7B, C, Supple-
mentary Figures S20B, C, S21); i.e., spanning the region of
single-strandedDNA (open bubble) in the transcription ini-
tiation complex. Each cluster showed significant deviations
from this common structure. The TSS-associated peak of
the TpA step is most pronounced in cluster 2 (yellow). Clus-
ter 3 (green) shows the lowest AT2 peak at −10 bp but the
highest peaks up to −50 bp, covering the � factor-binding
region. In contrast, cluster 1 (red) shows the highest AT2
peak at −10 bp, but significantly lower peaks directly up-
stream. Periodic enrichments further upstream may be out
of phase due to variable distances from the TSS. Indeed,
the autocorrelation function of concatenated promoter se-
quences shows comparable amplitudes in all clusters, and
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Figure 7. Promoter and Transcription Unit (TU) Structure. (A–D) Cluster nucleotide frequencies around transcription start sites (TSS) (Supplementary
Figure S18); only TU on the main genome were considered and the legend in (A) provides the number of TU in each cluster. The G+C content in (A) was
calculated in 66 bp windows at each position, all others in 5 bp windows. Point sizes (B–D) scale with −log2(p) from local motif enrichment (filled points)
and deprivation (open circles) tests, and the minimal p-values in each plot are indicated in the legends. The sigma factor binding region (�, −35 to −10),
the location of the open bubble (◦, −10 to 0) and the transcript (RNA, from 0) are indicated. See Supplementary Figures S19–S23 for the full analysis. (E,
F) The Jensen–Shannon (JS) divergence (Supplementary Figures S24–S25) between the position weight matrices of time series clusters 1 and 3 (E) and of
immediate response clusters ‘up’ and ‘down’ (F); * indicates p < 0.05 (Supplementary Figure S24) (95). The short horizontal bar in (F) indicates the GC
discriminator region −6 to −3. (G) Graded response along TU with ≥4 genes in the batch culture experiments in Figure 4. The y-axis shows the difference
of the log2 fold changes between the first and last transcribed gene of each TU. The left panel shows all strains and the right panel the gyrBkd strain and
TUs by their cluster association. See Supplementary Figure S27 for all strains and all TU with ≥2 genes. (H) An example TU from cluster 1 (red) with
a transcript abundance gradient in the gyrkd strains but not in topAOX strain. The genes on TU865 are, from 5’ to 3’, rps20, tatD, rpoB and rpoC2. The
color scheme (viridis) in the strain tracks reflects the log2 fold-changes (Figure 4), where yellow indicates higher and blue lower expression than the control
strain (EVC). The colors of genes and TU reflect their time series cluster association.

with higher periods (>11 bp) in upregulated and lower peri-
ods in downregulated clusters (Supplementary Figure S22).

The discriminator region and sigma factors

The deviations from this common structural patternmay be
related to the differential immediate and adaptive responses
of transcription to topAOX induction. The GC content be-
tween the −10 element and the TSS, known as the discrim-
inator region, partially determines positive and negative re-
sponses to both the regulatory metabolite ppGpp and to
changes in DNA supercoiling (27,30,31,96,97). This pat-
tern is consistently found in phylogenetically distant bac-
teria (32). We find two distinct nucleotide enrichment pat-
terns in this region, one downstream and another one up-
streamof a conservedT at position−7 (Supplementary Fig-
ure S24A, B) which binds to a pocket of the �70 factor of
the E. coli RNA polymerase initiation complex (35,98,99).
Firstly, the promoters that were upregulated 20 min post-
induction show an enrichment of A+T nucleotides at −6 to
−3 (Figure 7F, Supplementary Figure S19D,F, S24C). This
is consistent with data from other bacterial species (32).
However, it reflects the overall GC/AT bias of these pro-
moters, extending beyond the core promoter and into the
coding region. Secondly, cluster 1 (red) promoters are en-

riched in A between −7 and −11, upstream of the T at −7
(Figure 7D, E, Supplementary Figure S25).
Thus, the immediate response to topAOX induction is

largely consistent with responses observed throughout the
bacterial phylogeny. The subsequent adaptive response
likely reflects regulatory mechanisms specific to cyanobac-
teria or Synechocystis, and may involve specific sigma fac-
tors. We thus, investigated the expression patterns of the
nine annotated sigma factors (100) (Supplementary Fig-
ure S26). The sigA transcript was downregulated quickly af-
ter topAOX induction and was low in all endpoint measure-
ments. The transcripts of group 2 sigma factors sigB and
sigC were upregulated in all experiments but the time se-
ries shows that both are initially downregulated until 5 days
post-induction. The group 2 sigma factors SigD and SigE
are involved in circadian control, and their target genes par-
tially overlap with those of SigA (101–103) (Supplemen-
tary Figure S26A). SigE activates sugar catabolic pathways
during growth in light/dark conditions (104). Its transcript
was down-regulated, but showed a diurnal pattern, slightly
ahead (phase-advanced) of the diurnal pattern of cluster 3
(green) transcripts (Supplementary Figure S26C). The tran-
script of SigD was downregulated at all time points, but up-
regulated in the gyrkd strains. And finally, the group 3 and
4 factors sigH and sigI are the only sigma factors that were
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upregulated upon topAOX induction: sigI transiently over
the first three days, and sigH in three circadian steps, slightly
phase-advanced of the circadian pattern of cluster 1 (red)
transcripts (Supplementary Figure S26C).

Graded response along transcription units

Supercoiling does not only affect initiation but also elon-
gation of transcription (105). Gyrase activity downstream
of transcription units can resolve positive supercoiling that
arises from the act of transcription itself (Figure 1B), and
such sites are found, e.g., downstream of rRNA loci and
highly transcribed operons in E. coli (21). Failure to remove
downstream supercoiling leads to RNA polymerase stalling
(19–21). Thus, we inspected the spatial fold-change patterns
along TU in the batch culture RNAseq data (Figure 4) by
analyzing the differences between the first and last tran-
scribed gene of each multi-gene TU. Indeed, we find that
the gyrkd but not the topAOX strains showed graded expres-
sion along TU (Figure 7G, H, Supplementary Figure S27).
This mostly affected large (multi-gene) TU of the G+C-rich
clusters 1, 2 and 4 (red, yellow, gray), is most pronounced in
cluster 1, comprising of ribosomal protein genes, and is rem-
iniscent of the graded effect at the rRNA loci (Figure 4A).

DISCUSSION

We manipulated the expression of gyrase and TopoI genes
in Synechocystis, and showed that increased DNA relax-
ing (topAOX strain) or decreased DNA supercoiling (gyrkd

strains) activity inhibits cell division and broadly affects
physiology. Our data largely confirm the prevailing models
of the role of DNA supercoiling homeostasis in bacteria for
Synechocystis (Figure 1). We further demonstrate a direct
coupling of Synechocystis promoters to helically phased A-
tracts.

A toolbox for biotechnology and supercoiling research

Using the inducible dCas9-mediated CRISPR-interference
system (64) we successfully repressed transcription of gy-
rase subunits gyrA and gyrB, or gyrA and gyrB simultane-
ously. Our tunable expression plasmid pSNDY (63) allowed
us to over-express the native topA. All manipulations im-
pacted pigment content, cell volume and ATP levels: pig-
ments decreased whereas cell volume and ATP+ADP con-
tent increased. The most pronounced effects were observed
for the strain topAOX, which contained more than twice as
much glycogen, comparable to the levels in nitrogen-starved
cells (106,107). The sigma factor SigE activates glycogen
degradation genes during the diurnal cycle (104). Its down-
regulation may thus underpin glycogen accumulation in the
topAOX strain. SigD, a diurnal counterpart of SigE (101),
was downregulated in topAOX but upregulated in the gyrkd

strains. This may underlie some of the differences between
the phenotypes. The enlarged cell volume, in all strains,
was further confirmed by flow cytometry and microscopy,
which additionally revealed an increase in the fraction of
8-shaped cells, suggesting a block in cell division but not
growth. Thus, we successfully redirected cellular resources

by manipulation of DNA supercoiling, providing a promis-
ing platform for photoproduction. A combination of our
constructs into a single strain, towards a fully synthetic con-
trol over the endogenous DNA supercoiling homeostasis,
may allow optimization of growth and production phases in
photobioreactors. The higher transcript abundances from
strongly supercoiled plasmids in the topAOX strain may
prove specifically useful to boost expression of exogenous
genes, as integration sites for most plasmids have been sug-
gested recently (108). As a next step towards a biotech-
nological chassis organism, our manipulation of topoiso-
merase expression must be assessed on protein abundance
level. Protein stability of the targeted topoisomerases will
likely have to be modified, e.g. by inducible degron systems,
to allow for a rapid switch of DNA supercoiling at an opti-
mal point during a production phase.
The gyrB knockdown strains gyrBkd and gyrABkd

showed increased ATP+ADP content, and only the gyrBkd

strain showed (slightly) increased plasmid supercoiling. We
did not further investigate these differences. They could be
related to an additional function of GyrB, together with
the second GyrA-like protein in Synechocystis (sll1941)
and potentially as a decatenating topoisomerase (ParC/D,
TopoIV) (89,90), or may stem from the CRISPRi off-
target sll1625, a succinate dehydrogenase (91,92). The sin-
gle knockdown gyrAkd strain showed the weakest metabolic
phenotype and is therefore best suited for future studies into
the dynamic response to supercoiling in Synechocystis.

Evidence for the supercoiling homeostasis and the twin-
domain models in Synechocystis

Overexpression of topA only transiently relaxed the plasmid
DNA, and after ≈1 day, the plasmids became increasingly
supercoiled. This overcompensation exemplifies the often
counterintuitive consequences of manipulating a homeo-
static feedback system. In vitro, hypernegative supercoil-
ing of plasmids can be generated by gyrase and transcrip-
tion (109). In vivo, it has been observed in a topA-deficient
E. coli strain and depended on transcription (110,111). In
our topAOX strain, plasmid yields (per OD) and transcript
abundances of plasmid-derived genes all increased with su-
percoiling. Transcript abundances of both gyrase subunits
and the gyrase substrate, ATP, increased in parallel. The
overexpression of topA may have triggered a positive feed-
back between plasmid transcription and/or replication and
gyrase activity. Gyrase binding sites are frequently found
in native plasmids and phage genomes (112) and such sites
could contribute to this phenomenon.
Our other results are more consistent with previous

observations. We observed compensatory upregulation of
topA in the gyrkd strains and of gyrA and gyrB in the
topAOX strain. Menzel and Gellert (1983) first suggested
that transcription of the topoisomerase genes is under
homeostatic control by negative feedback via the supercoil-
ing status (2); and the same pattern is observed in many
species across the bacterial phylogeny (2,6,12–15,113–115).
Even the stronger response of gyrA than of gyrB (to a
decrease of supercoiling) has been previously reported in
E. coli (116). Likewise, the immediate genome-wide re-
sponse to topA overexpression is consistent with reports
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from many species (10–16): genes with G+C-rich cod-
ing regions were downregulated and A+T-rich upregulated
20min post-induction. In the gyrkd strains the G+C-rich
TU clusters showed a graded response along TU, such
that the downstream gene showed lower upregulation or
stronger downregulation than the upstream gene. To date,
there is no clear explanation for the correlation between
the G+C content and the differential immediate response
to DNA relaxation. G+C-rich DNA requires more energy
for melting of the double helix, due to three instead of two
hydrogen bonds per base pair. Indeed, the in vivo elongation
rate was lower in G+C-rich genes of eukaryotes (117,118).
In bacteria, elongation depends on downstream gyrase ac-
tivity to avoid build-up of positive supercoiling and RNA
polymerase stalling, especially at strongly transcribed loci
such as RP and rRNA genes (19,21). This requirement
could specifically explain the graded effect along G+C-rich
TU in the gyrase knockdown strains which was most pro-
nounced in cluster 1 (red), as well as the stronger down-
regulation of the downstream 23S than the upstream 16S
rRNA at the rRNA loci. In summary, our data suggest that
both the homeostatic feedback control of topoisomerase
transcription (Figure 1A), and the twin-domain model of
transcription-dependent supercoiling (Figure 1B) also hold
in Synechocystis.

Helical phasing of the −10 elements and the TSS in Syne-
chocystis

Already 1 h post-induction the transcriptional response di-
versified into at least six distinct groups of transcription
units. Due to the quick compensatory reactions as well as
the strong phenotype, we can not infer any causal mod-
els for this response. However, the six gene clusters over-
lapped with gene groups that were diurnally co-expressed
(84,88) or responded differentially to growth rate (94). They
may thus reflect physiologically relevant regulons (groups of
TU with functionally interacting protein products). Their
differential response correlated with significant deviations
from a common promoter structure: a periodic enrich-
ment of the AT2 motif, in-phase with the −10 element
and the TSS. The AT2 motif is a minimal representation
of short repeats of A and T nucleotides (A-tracts) without
the TpA step (119,120). The TpA dinucleotide step is lo-
cally enriched just upstream of the AT2 peak at the −10
element (cf. ‘TATA box’), and again at the TSS. TpA is
structurally distinct and has been called a twist capacitor,
since it can adopt both high and low twist states in molecu-
lar dynamics simulations, and thereby locally absorb tor-
sional stress (121). Here, at −10 and the TSS, this prop-
erty could facilitate open bubble formation of the tran-
scription initiation complex. A-tracts have a narrower mi-
nor groove of the DNA double helix (46,122,123), pro-
viding binding sites for arginine residues in proteins that
wrap DNA (124), notably: gyrase (21,125,126), or locally
pinning DNA loop (plectoneme) formation (54). Their he-
lically phased enrichment is observed throughout all do-
mains of life (47,53), and specifically also upstreamof bacte-
rial promoters (46,50,52,54,127). However, only a few anec-
dotal observations reflect the direct coupling that we ob-
serve in Synechocystis. For example, four helically phased

A-tracts alone served as a promoter, and the most down-
streamA-tract served as the TSS in artificial constructs (38).
The phasing of the A-tracts relative to the−35 region deter-
mined the efficiency of a bacteriophage promoter (37). Kra-
vatskaya et al. (2013) found that alignment of promoter se-
quences at the TSS facilitates the detection of AA+TT din-
ucleotide periodicities in supercoiling-sensitive E. coli pro-
moters (52). To our knowledge, we provide the first obser-
vation of a direct alignment of the TSS and the −10 ele-
ment with helical phased A-tracts on a genome-wide scale.
It is possible that cyanobacterial RNA polymerases (128)
and � factors (102) rely more on such DNA structural fea-
tures than the well-studied E. coli case. However, strong
genome-wide A-tract periodicities in some cyanobacteria,
incl. Synechocystis, correlated with a polyploid life style
(53) and could also serve efficient packaging of the multiple
genomes into plectonemic structures (48). The pattern we
observe at promoters could thusmerely reflect the proper in-
tegration of such a genome packaging code with promoters,
similar to its embedding into the first and third codon posi-
tions in protein-coding regions (53). These explanations are
not mutually exclusive, and evolution could yield A-tract-
aligned promoters when these A-tracts are also beneficial
for genome packaging.

Torsional strain and open bubble formation

Each time series cluster showed significant deviations from
this common structure. Are these distinct patterns directly
involved in the differential response to changes in DNA
supercoiling? Several non-exclusive models how DNA su-
percoiling can affect transcription initiation have been
proposed (5,29,32,39,40,42,52,129–131). A-tracts can lo-
cally stabilize DNA plectonemes, and such DNA loops
can suppress lac operon promoters if positioned correctly
(132,133). Notably, the dependence on a correct phasing
of repressive motifs with the −35 element was stronger in
Synechocystis than in E. coli (134). RNA polymerase can
bind to the apical loop of a plectoneme and shifts this
loop during transcript elongation, thereby avoiding rota-
tion around the template (135). It was suggested that the
RNApolymerase channels the torsional strain that is stored
in the plectonemic structure into the opening of the DNA
double helix between ca. −12 and +1 of the TSS (5,131),
with differential supercoiling-dependence of A-tract peri-
ods shorter or longer than theDNAhelical pitch (≈10.5 bp)
(40,52). The auto-correlation analysis did reveal subtle dif-
ferences in AT2 motif periods (Supplementary Figure S22),
but a significance of these differences remains to be shown.
The sequence-dependent stability of the open bubble con-

formation of the RNA polymerase (open complex) deter-
mines the promoter’s response to both ppGpp and DNA
supercoiling (30–32,97). For example, the stability is af-
fected by the GC content between the TSS and the −10 ele-
ment, a region therefore known as the discriminator (27,96):
a higher GC content correlates with both supercoiling-
dependence and ppGpp repression of promoters. These dif-
ferences are observed in a variety of bacterial species (32),
including S. elongatus. We found a consistent pattern in
the promoters affected 20min after induction of topAOX,
specifically A+T are enriched from −6 to −3 bp of the TSS,
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just downstream of a conserved T at position −7, in upreg-
ulated (relaxation-induced) promoters. In contrast, the time
series cluster 1 (red) was enriched in A from −12 to −7. In
E. coli, the T at−7 is flipped out of the helix and bound to a
pocket of domain 2 of the �70 factor during open complex
formation (35,98,99). The discriminator is bound by the do-
main 1.2 of �70 (96). All sigma factors that contain domain
1.2 (group 1 and group 2, (136)) were downregulated during
the adaptive response. Only sigH and sigIwere upregulated,
and the latter with a circadian pattern. The sigI transcript
was also upregulated during the dark phase of the diurnal
cycle (84,137). The lack of domain 1.2 of these group 3 and
4 sigma factors may weaken the dependence of the promot-
ers on supercoiling. And finally, differential enrichment of
TpA at the TSS may point to a role of this twist capacitor
dinucleotide during open complex formation (121).

DNA supercoiling and the diurnal program

Despite significant differences of the cyanobacterial core
transcription infrastructure (102,138,139), ppGpp has very
comparable consequences on transcription in cyanobacte-
ria (59,60). Its increase is directly associated with the tran-
scriptional shut-down during dark periods (60), and, dur-
ing the light phase, it may modulate the diurnal transcrip-
tion program (61). By inference from the roles of super-
coiling and ppGpp in other bacteria, we can suggest a ten-
tative model for the observed changes in gene expression
upon topA induction or gyrase knockdown: in our con-
stant light experiments ppGpp was likely low, while over-
expression of topA shifts the supercoiling homeostasis and
DNA structure towards the opposed physiological state,
usually encountered during the dark phase. This combi-
nation, low ppGpp and low supercoiling, could reflect the
dark/light transition during the diurnal cycle, and induce
the expression of the dawn-specific cluster 1 (red), compris-
ing of growth-relevant genes such as ribosomal proteins and
the RNA polymerase. Indeed, the increase of translation-
related transcript abundances started shortly before the ac-
tual onset of light in Synechocystis (84). In physiological
context, strong transcription of this cluster would require
downstream gyrase activity, and this transcription would
lead to an overall increase in genomic supercoiling, accord-
ing to the twin-domain model. This increase in genomic su-
percoiling in turn could be required to progress through the
temporal expression program, and to initiate dawn-to-noon
DNA replication (140). The promoters of clusters 2 and
3 (yellow and green), overlapping with noon-specific and
dusk-specific cohorts, show a coherent helical phasing of
the A-tract motif up to at least -60 bpwhichmay specifically
mediate sensitivity to the local or global level of supercoil-
ing. In our experiments, increased TopoI or decreased gy-
rase activity would inhibit this transcription-dependent ac-
cumulation of supercoiling. The diurnal transcription pro-
gramwould be stuck in a dawn-like state, the genomewould
not be replicated and cell division blocked.
As an outlook, our strains should next be studied in di-

urnal conditions. A spatially resolved analysis of transcrip-
tion along the genome (81), as well as DNA-structural foot-
printing methods, e.g., mapping of supercoiling-sensitive
psoralen-binding sites (141), of gyrase-cleavage sites (21) or

of the core transcriptionmachinery (142) will provide an in-
tegrative picture of global regulatory mechanisms in a phys-
iological context.
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Supplementary Information for Behle, Dietsch, et al. (2022): Manip-
ulation of Topoisomerase Expression Inhibits Cell Division but not
Growth, and Reveals A Distinctive Promoter Structure in Synechocys-
tis.

Strain name Chromosomal genotype Plasmid
EVC PL22:dCas9 pSNDY (EVC)
gyrAkd PL22:dCas9; PL22:sgRNAgyrA pSNDY (EVC)
gyrBkd PL22:dCas9; PL22:sgRNAgyrB pSNDY (EVC)
gyrABkd PL22:dCas9; PL22:sgRNAgyrA; PL22:sgRNAgyrB pSNDY (EVC)
topAkd PL22:dCas9; PL22:sgRNAtopA pSNDY (EVC)
topAOX PL22:dCas9 pSNDY PJ23119:rhaS; Prha:topA

Table S1. Construction of strains investigated in this work. The parental strain for all strains listed
here (Synechocystis sp. PCC 6803 encoding aTc-inducible dCas9) is based on a strain originally obtained
from Martin Fulda (Göttingen, Germany) and engineered for CRISPRi by Yao et al. [1]. It contains a TetR
cassette, as well as dCas9 under the promoter PL22, inducible with anhydrotetracycline (aTc), at the genomic
insertion site psbA1. The sgRNA sequences (Tab. S2) were constructed via overlap extension PCR and
integrated into the vector designed by Yao et al. [1] (Addgene ID 73224), which inserts into the slr0230
site of the Synechocystis genome. The sgRNA plasmids were integrated via transformation. Briefly, 10mL
of exponentially grown culture was concentrated to 250μL, 1μg–2μg of pure plasmid was added and the
mixture was incubated up to 5 h before plating the entire mixture on BG11 plates. After drying the plates, agar
was underlaid with 300μL of 1mgmL−1 kanamycin stock using a sterile spatula, thereby forming a diffusion
gradient. After 1-2 weeks of incubation at 30 ◦C with the lid facing upward, isolated green colonies were
carefully transferred to a fresh plate. Over time, positive clones were gradually shifted to higher concentrations
of kanamycin (4, 8, 12, 20, 40 μgmL−1 final concentration in the plate). Complete segregation of mutants was
ensured via colony PCR. For rhamnose-inducible overexpression, the coding sequence of slr2058 (topA) was
integrated into pSHDY PJ23119:rhaS; Prha:mVenus (Addgene ID 137662) [2] in place of mVenus via Gibson
assembly. Both this new construct and pSHDY (Addgene ID 137661) were further modified by exchanging the
spectinomycin resistance cassette with the nourseothricin cassette, resulting in pSNDY PJ23119:rhaS; Prha:topA
and pSNDY (EVC), respectively. Replicative vectors were introduced into the dCas9 background strain via
conjugation as described (dx.doi.org/10.17504/protocols.io.ftpbnmn). Clones were selected using
nourseothricin (Jena Bioscience, #AB-102L) at a final concentration of 50μgmL−1 and verified via colony
PCR.
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Gene Protospacer Sequence Predicted Off-Targets
gyrA TCAGTCATGCAATTACTCCA ssr3154, slr1560
gyrB ACTCCAAAATCAGGCTGAGCTT sll1625, slr0896
topA GATAGTGCGGGCTTTAGTGG sll1660

Table S2. sgRNA Protospacer Sequences. The target-specific parts (protospacer) of the sgRNA for
CRISPRi-based knockdown strains (Tab. S1) were designed using CHOPCHOP [3]. and potential off-targets
analyzed by the Cas-OFFinder [4], allowing ≤ 2 mismatches or DNA/RNA bulges. Only the topA sgRNA
had had one additional target (in gene sll1660), but this strain was not further analyzed beyond Figure 2.
Furthermore, Cui et al. [5] found that a 9-nt identity of an an off-target site to the sgRNA seed sequence (seed
sequence = first 12 nt) can result in significant repression, if an NGG PAM site is present and that the sgRNA
anneals to the coding strand. We searched for such potential off-target sites for the three sgRNAs used here.
The topA sgRNA does not meet this criteria for any other sites. The gyrB sgRNA meets this criteria for two
off-target sites, sll1625 and slr0896. The gyrA sgRNA meets this criteria for two off-target sites in the genome,
ssr3154 and slr1560. These off-targets were included in the RNAseq analysis in Figure 4D.

Gene LA Tm Primer efficiency Direction Sequence
gyrA 102 82.9°C 104.16% forward GAACTTTGGCTCCGTGGATAA

reverse GCCTCAATGTCCCGCAATAA
gyrB 107 78.9°C 100.32% forward TGCCCGTAAGCGCAATAA

reverse ATTCTGGGTCCGGTACTTTAAC
topA 105 80.6°C 99.43% forward AGACCGGGAAGGAGAAAGTA

reverse CGAATGGCTTCCTGGGTAAT
rpoA 96 80.4°C 97.86% forward CCATGAGTTCGCCACTATTCT

reverse GGCTGATCGGTGTAGCTTT
rnpB 93 82.04 °C 98.29% forward AGAGGTACTGGCTCGGTAAA

reverse TCAAGCGGTTCCACCAATC
Table S3. RT-qPCR Primers. Primers used for RT-qPCR of the indicated genes were designed using the
IDT PrimerQuest tool (https://eu.idtdna.com/pages/tools/primerquest). LA: amplicon length, Tm:
melting temperature

Name RefSeq ID
genome NC_000911

pCA2.4_M CP003270
pCB2.4_M CP003271
pCC5.2_M CP003272

pSYSM NC_005229
pSYSA NC_005230
pSYSG NC_005231
pSYSX NC_005232

pSNDY PJ23119:rhaS; Prha:topA file pSNDY_Prha_topA-6_119rhaS.gb

Table S4. Genome and Plasmid Sequences for RNA-seq Mapping. RefSeq IDs of the genome and
plasmid sequences of Synechocystis used for mapping of the RNA-seq reads. Construction of pSNDY
is described in Table S1 and the full sequence is available as Supplemental Data File S2 (genbank file
pSNDY_Prha_topA-6_119rhaS.gb).
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Figure S1. Batch Culture Endpoint Measurements. See Figure 2 for details. A: RT-qPCR results using
rpoA (top panel) or rnpB (bottom) as reference genes [6]. Boxplots of 9 technical replicates (3 samples, each
measured 3x) . B: Absorption spectra at inoculation and harvest times.

79
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D E F

Figure S2. Plasmid Supercoiling Gels. A–C: Chloroquine-agarose gels 1.2% agarose, 0.5x TBE and
20μgmL−1 CQ, 1.8V cm−1) of plasmids extracted from all strains at harvest time (A) of the experiment
shown in Figure 2, or as a time series (see D–F) of the topAOX strain with (B), or without the inducer (C).
At 20μgmL−1 CQ, originally more relaxed (rel.) plasmids migrate further (higher migration distance) than
more negatively supercoiled plasmids [7]. Two distinct plasmid topoisomer distributions can be distinguished
in the EVC in gel (A), run for 20 h. We assume the less far migrated bands to correspond to the larger
plasmid pCA2.4_M (2378 bp, blue arrows), and the further migrated bands to the smaller plasmid pCB2.4_M
(2345 bp, red arrows). The size of a larger plasmid, pCC5.2_M (5214 bp) fits to a series of topoisomer bands
indicated by white arrows. Bands above that likely stem from our pSNDY and or larger endogenous plasmids
of Synechocystis. The gel of the induced culture (B) was run for a longer time (22 h) to get a better separation
of the pCC5.2_M topoisomers. The gel in (C) was only run for 18 h. Baseline-corrected electropherograms of
the gels in (A) and (B) are shown in Figure 2B and 2C of the main manuscript, respectively. D: Growth of
the topAOX strain, with or without induction with 1 mM rhamnose at time 0 h. For both conditions, a starter
culture was split into 9 cultures at 0 h, each harvested at the indicated time points for OD750 measurement
and plasmid extraction (used for electrophoresis shown in (B) and (C)). E & F: Yields of plasmid extraction
over time, each normalized to the OD750 (D), and before (E) and after (F) treatment with the T5 exonuclease
to remove all non closed circular DNA.
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Figure S3. Batch Cultures for Microscopy. OD (A) and CASY cell counts and size distributions (B) from
cultures of the indicated strains in the presence or absence of the inducer. Samples for microscopy were
taken on day 4. C: Number of microscopy images and individual cells analyzed with the Coli-Inspector

[8] (results in Fig. S5) and manual counts of the fraction of 8-shaped cells. The example cells in Figure S4
were also chosen from these images. D: Example image illustrating the semi-automated counting procedure.
Each cell recognized by the Coli-Inspector is characterized by a length (thin red line) and width (thicker
green line) parameter, where the shorter of both is always the width. For cell dimension measurements (Fig.
S5A-C) the channel for chlorophyll fluorescence was used (right). Because of variations of focal planes those
measurements were more reliable than those of the bright field channel (left). The fractions of 8-shaped cells
(Fig. S5D, E) were manually counted in the brightfield images.
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-inducer +inducer
bright field chlorophyll DNA | bright field chlorophyll DNA

bright field chlorophyll DNA | bright field chlorophyll DNA
-inducer +inducer

Figure S4. Batch Culture Endpoint Measurements for Microscopy. Zoom on typical single cells from the
microscopy images of the cultures shown in Figure S3. The size bar length is 2μm. From each strain and
condition (± inducer) a typical round cell and a typical 8-shaped cell in division was chosen, and its brightfield
(left panels) and chlorophyll- (blue, middle) and HOECHST DNA stain-specific (red, right) fluorescence
channels are shown. Merged versions of these images, showing both fluorescence channels for the topAOX

and gyrAkd strains with and without inducer, are shown in Figure 3.
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Figure S5. Microscopy Statistics and CASY Calibration. A: Density distributions of the cell diameters
(black lines) measured by the CASY cell counter and cell lengths and widths (blue and red lines) determined
by the Coli-Inspector [8] from microscopy images (Fig. S3C,D). All distributions were normalized to a
maximum of 1. The dashed lines are the cut-off used for CASY data. B: Comparison of peak cell diameters
as measured by the CASY cell counter and from microscopy images. The dashed line is the diagonal, and
the solid line is a linear regression line, with the r2 value shown in the bottom right legend. For microscopy,
the peaks of the distributions were directly obtained from the density distributions shown in (A), and for
CASY we used the peaks reported by the CASY. The CASY-based peak diameters are slightly larger than
microscopy-based cell length and width peaks. C: cell-wise comparison of width and length estimation by the
Coli-Inspector (with manual adjustments). For round cells width and length correspond well, for 8-shaped
cells (in division) the width negatively correlates with length, since cells further into division are longer but
the width, corresponding to the division plane, is shorter. The dotted line is the diagonal −0.5μm, and the
cell fraction below this line, with width < length − 0.5 μm, was counted (bottom right text). D & E: Percent
8-shaped cells of all counted cells. 8-shaped cells were manually counted (D, see table in Fig. S3C) or
determined automatically (E) by a difference in widths and lengths reported by the Coli-Inspector (see
dotted line and % in (C)).
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A B

C

Figure S6. RNA Extraction for RNA-seq Experiment. A: Growth of triplicate cultures (split upon induction
at 0 d).B & C: Total RNA compositions were analyzed by formaldehyde-agarose gel electrophoresis (B,
500 ng RNA per well) and by capillary gel electrophoresis (Agilent Bioanalyzer); the electropherograms of the
pseudo-gel figure in (C, from the Bioanalyzer report) samples were analyzed for Figures 4A, S8 and S9.
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Figure S7. Flow Cytometry. Cells from the cultures used for RNA-seq and total RNA analysis (Fig. 4) were
fixed in para-formaldehyde and stained with Syto-9, a nucleic acid fluorescence marker, and analyzed by
flow cytometry. The data were gated by the side scatter signal (SSC-A> 2000) and the forward scatter signal
(FSC-A> 10) to filter debris and background signals. Forward scatter (FSC-A) is proportional to cell size, side
scatter (SSC-A) reflects cytoplasmic granularity and morphology; the FITC fluorescence channel (530/30 nm)
excites the Syto-9 stain, and the PI channel (695/40 nm) excites chlorophyll. The natural logarithm (ln) of all
data was plotted. Colors reflect local density (red: high, blue: low). The bottom panels show a zoom into the
data, and local densities are displayed as contour lines, merged for all strains.
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Figure S8. Raw RNA Electropherograms. Electropherograms of the capillary gel electrophoresis (Fig. S6C), exported as
XML files from the 2100 Bioanalyzer software, and imported to R with the bioanalyzeR R package (v 0.9.1, https://github.com/
jwfoley/bioanalyzeR) [9]. A–D: are each the triplicate samples for the indicated strains. Samples are the same as shown on the
formaldehyde-agarose gel in Figure S6B and subsequently used for RNAseq analysis (Fig. 4B,C). The locations of rRNA peaks are
indicated; r23S.S and r23S.L are short and long fragments of the 23S rRNA typically seen in Synechocystis, the other peaks were
assigned to 5S, 16S and (full length) 23S rRNA. The total RNA concentration in the samples, as provided by the 2100 Bioanalyzer
software report, are indicated on top of each plot, and these numbers were used for normalization of the electropherograms for Figures
S9 and 4A.
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Figure S9. rRNA Relative Abundances. The RNA electropherograms in Figure S8 were each normalized
by the total RNA content of the sample, as reported by the Bioanalyzer 2100 software, and plotted by replicate
groups. The mean of each replicate group was calculated and plotted for Figure 4A.
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Figure S10. Homeostatic Regulation of Topoisomerase Genes: RT-qPCR vs. RNA-seq. A and B: RT-
qPCR results from the endpoint experiments, reproduced from Figure S1A for comparison. C-E: Transcript
abundance of topoisomerase genes and the reference gene rpoA used in qPCR (A,B) in the RNAseq data
(Fig. 4, S6). gyrA2 denotes the gene sll1941, a homolog of gyrA. F-G: The log2 fold change over the mean
of the two pre-induction samples as measured by RT-qPCR (F) and RNAseq (G). RNAseq data shows that
the expression of the reference gene rpoA increased with a periodic pattern and at a slightly higher fold
change than gyrB, while gyrA stayed above or at similar levels as the reference gene. Considering this
normalization effect (cf. [10]) the apparent downregulation of gyrB in (F) is an artifact of the reference gene,
and the RT-qPCR and RNA-seq time series data are consistent.
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Figure S11. Pulsed Induction in Continuous Culture. Detailed biomass and growth rate data for Figure
5. A: Cell numbers (blue points) and volume distributions (gray scale) were recorded daily, and at higher
resolution after induction, with the CASY cell counter. The peaks of the cell volume distributions are shown
as yellow points. LOESS regressions with 95% confidence intervals are shown as lines. One outlier of the
CASY measurement (x) was due to cell lysis during a washing step and was not included for regression.
The top panel shows daily recorded spectra in gray-scale, where black indicates higher and white lower
absorption. The underlying spectra were consistent with those of the batch culture shown in Figure S1..
B: The total cell volume (Vtotal) was calculated by integrating the single cell volume distributions in (B), and
the CDW density were calculated by dividing the ODλ signal, calibrated to the CDW measurements (A, Fig.
A2C), by Vtotal. C: growth rates μ were calculated by local (piecewise) linear regressions of the ODλ (A),
and cell count (B) and total cell volume (D) measurements and subtraction of the culture dilution rate (Fig.
A3). D: Detrending of the ODλ signal for wavelet analysis (Fig. 5B). A moving average (red) of the raw
signal by the OD probe (gray, time resolution: 30 s) was calculated using a window size of 30min. The signal
was detrended using the detrend function of the pracma R package (v2.3.6), where the end of the batch
phase was used as the breakpoint (half bullet point on the bottom x-axis at ≈ −4 d). This subtracts two
linear least-squares fits (before and after the breakpoint) from the data. This detrended signal was then
used for Wavelet analysis with the analyze.wavelet function of WaveletComp R package (v1.1) for periods
0.24 h–96 h, and with loess.span=0, and dj=0.05 and the mean time resolution of dt=30 s. The dashed
vertical lines indicate full days around induction as a 24 h reference. Sampling daily before and in higher
resolution after induction (time 0 h) may have induced or removed the ≈ 24 h pattern, and sampling times are
indicated on the top axis. Note, that daily sampling times shifted while the detrended OD peaks remained at
constant times.
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Figure S12. Clustering & Total Read-Count Distribution. A: Bayesian Information Content (BIC) as
reported by flowClust for clustering of selected scaled components X ′

k=1,...,6 of the Discrete Fourier
Transform (DFT) of the arcsinh-transformed TPM data over varying number of cluster centers (K). The
maximal BIC was reached for a classification into K = 6 distinct clusters (co-expression cohorts). This
clustering was chosen for further analysis. B: real and imaginary parts of the DFT that were used for clustering
(R package flowClust [11]). Colors already indicate the final cluster assignments of each transcript at K = 6
(A). C: Cluster medians (solid lines) of the relative transcript abundances (rel. abund.). For each transcript
the log2 of the ratio of read-counts at time points i to mean of the two samples before induction (i = 1, 2, at
−1 d and −1 h) was calculated (points indicate the sampling time points i). The transparent ranges indicate
the 25% and 75% quantiles of each cluster. Only the time points within to two vertical lines were used for
clustering. D: Cluster-wise distributions (boxplots) of minimal (left) and maximal (right) read-count values
(TPM) of each transcripts.
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Figure S13. Co-Expression Cohorts in the Endpoint RNA-seq and Construction of t-Test Profiles. A:
Distributions of the log2 fold-change of transcript abundances in the three strain endpoint experiment for
each of the co-expression clusters derived from the topAOX time series data. The gray background shows
the distribution of all other transcripts. The y-axis are the counts for the colored distributions, while the gray
background distributions are densities (without axis). For each cluster a t-test was performed (base R function
t.test) against all transcripts not in the cluster, and the cluster sizes n, and the t-values and the p-values
from each test are shown in each plot. The total number of transcripts with expression values were 3676 for
gyrAkd and gyrBkd, and 3680 for topAOX. B: A t-test profile plot is constructed from the t-test results in (A).
A negative t-value indicates that the tested cluster transcripts have a lower mean abundance than all other
transcripts and this is indicated by a red color field, the rounded t-value is shown in the fields; blue indicates a
positive t-value and higher mean abundance. The p-value is converted to a transparency value for the red
and blue colors (along a color palette from red/blue to white), such that the full color is reached for p ≤ pmin,
and for higher p-values the transparency scales with log2(p). Both, for visibility of the text and to indicate an
additional p-value cut-off the text (t-values) is plotted in white if p ≤ ptext. The bottom legend shows 5 p-values
(text: log10(p)) and the resulting field and text colors. Here pmin = 10−10 and ptext = 10−5.
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Figure S14. CyanoBase Category Analysis of Co-Expressed Cohorts. A: Sorted enrichment profile of
functional category annotations as in Figure 6B (colored with pmin = 10−10 and ptext = 10−5) but sorted at
psort = 0.1. All categories below the red line had only p > psort and are unsorted. Some abbreviations of
the original annotation terms are used for readability of the plot: synth. - synthesis, mod. - modification,
repl. - replication, transcr. - transcription, recomb. - recombination, restr. - restriction, s. - saccharides,
assim. - assimilation, & - and. B: Overlap enrichment and t-test profiles with clusterings as Figure 6C but for
additional gene classifications from other publications; from top to bottom: experimental GROWTH CONDITIONS

with maximal expression of transcription units from Kopf et al. [12], stress and novobiocin (Stress + NB)
treatment (same as in Fig. 6C) by Prakash et al. [13], the original non-collapsed clustering of protein
abundance level response to GROWTH RATE by Zavrel et al. [14], and a clustering of a DIURNAL transcriptome
data set from the supplemental material by Lehmann et al. [15]. Numbers in the t-test fields (red and blue
color scales) are the t statistic.
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Figure S16. Transcriptome Time Series - Plasmids. Top left panel: Enrichment profile of time series
clusters with the locations on the chromosome, one of the seven endogenous plasmids, or our construct
pSNDY [2] (Table S1). All other panels show the temporal transcript abundance profiles for the coding genes
of each plasmid (see top right legends for plasmid names); each transcript is colored according to its cluster
label. Missing values stem from 0 read-counts in the raw data.
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Figure S17. Diurnal Co-Expression Cohorts. Clustering of diurnal transcriptome data by Saha et al. [16]
into 5 co-expression cohorts, using the Fourier transformed data and the flowClust algorithm. The maximal
BIC clustering at K = 5 clusters was used for analysis. A: Cluster medians of the normalized (to mean 0)
expression values with an additional moving average over 3 samples. Transparent ranges show the 10%
and 90% quantiles, i.e. they encompass 80% of all values in a cluster. Cluster labels and sizes (number of
genes) are indicated on the right y-axis. The gray and white bars on the top indicate dark and light phases of
the experiment. B: Enrichment profiles of co-expressed cohorts with CyanoBase functional categories as for
Figure 6B (colored with pmin = 10−10 and ptext = 10−5), but cut and sorted at psort = 0.05.

A B C

time, d

lo
g 2

(x
i

x 1
,2
)

● ●●●●●●●
●
●
●

●
●

●

●

● ●

●

●
●● ●●●●

●
●

●

●
●
●●

●
●
●
●

●

●

●

●●●●●●
●●●●●

●●●●●●●●● ●●●●●●●●
●●●●●●●

●●●●
●●●●●●●●

●●●
●●●●

●● ●
●
●●●
●
●
●●●

●
●●

●

●

●

●

●

●●●●

●●

●
●

● ●●●●

●

●

●

●●●●
●
●
●

●

●

●
●

●●

●●

●●●●●●●●

●●●●

●●●●●●●●

●●●●●●●●●●●
●●●●

●●●●

●●

●●●●

●●●●
●●●●●
●

●●●●●

●
●●●●●
●●●●
●

●●●●●

●●●
●

●●●●●
●●●●●●

●●●●●

●●●●●●

●●●●

●
●●

● ●●●●
●
●
●

●●●
●●●●

●

●

●

●

●●●

●●●●

●●●●●

●●●●● ●●●

●●●●●

●●●●●●●●●●●●

●●●●●●

●●
●●
●●●●●

●●●
●●●●●●●

●●●●

●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●

●●●●
●●●●●

● ●●●
●
●

●
●●●

●

●●●

●

●

●

●

●

−1 1 3 10 15 25

−1
0

1
2 ●

●

●

●

●

●

1, 257
2, 435
3, 179

4, 301
5, 397
6, 587

clustering of TU averages

or
ig

in
al

 C
D

S 
cl

us
te

rin
g

196 2 7 13 53 131

5 331 97 162 16 2

1 101 136 72 24

34 86 43 195 38 2

14 9 136 287 150 11

100 3 12 97 464 175 851

607

398

334

613

402

35
0

53
2

43
1

82
6

74
5

32
1

total

1 2 3 4 5 6

1
2
3
4
5
6

time, h

lo
g 2

(x
i

x 1
,2
)

●

●

●

●
●

●

●

●

●

●

●●●●●

●●●●●

● ●
● ●

●

0 1 2 3 4 5

−0
.4

0.
0

0.
2

0.
4

●

●

●up: 215
down: 518

nc: 1423

Figure S18. Transcription Unit Clustering. A: Clustering of transcription units (TU) defined by [12]. Average
expression was calculated for all TU from the expression of coding genes they encompass (via the “Sense.tags”
column of the original data set), and the resulting TU time-series was clustered by k-means, using cluster
centers from the CDS clustering (Fig. 6, S12) and identical time-series processing. The number of TU in
each cluster is indicated in the legend. The lines and dots are the medians and the ranges show the 25%
and 75% quantiles of each cluster. B: enrichment profile of the original CDS clustering (y-axis) with the
TU-based re-clustering; colored with pmin = 10−10 and ptext = 10−5 and with the original order. C: As (A) but
for immediate response clusters. All TU were classified by the log2 ratio of the means of the two post-induction
time points to the means the two pre-induction time points (log2 (x3,4/x1,2)); up: > 0.15, down: < −0.15, and
nc: all others. The number of TU in each class is indicated in the legend.
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Figure S19. Long Range G+C Content and the Discriminator Region. The G+C frequencies of clustered
TU (Fig. S18) aligned at their transcription start sites (TSS) were calculated in 66 bp bins (A and B) or 5 bp
bins (C and D) around the TSS, sequence logos (E and F) were calculated without binning. A & C: Nucleotide
frequency profiles for the differential response clusters shown in Figure S18A. (A) is identical to Figure 7A,
and reproduced here for comparison. B & D: same as (A and C) but for the immediate response clusters
(20min post-induction) described in Figure S18C. The cluster legends in (A) and (B) provide the number of
TUs in each cluster. Note, that only TU from the main genome were considered for this analysis, therefore the
numbers are lower than those reported in Figure S18. The point sizes in (B) and (D) scale with − log2(p),
where p are the minimal p-values of two-sided cumulative hypergeometric distribution tests of the total counts
in each cluster. Filled points indicate significant enrichment and open circles indicate significant deprivation
of the motif count (here simply G or C on the forward strand) in the respective cluster. The dot size for the
minimal and half-minimal p-values are indicated in the bottom-right legends. E & F: The Jensen-Shannon
(JS) divergence [17] between the position weight matrices of the indicated promoter clusters; as in Figure
7E-F, reproduced here for direct visual comparison with G+C frequency profiles (B-D). The short horizontal
bar in (F) indicates the GC discriminator region -6 to -3. See S24-S25 for details.
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Figure S20. A-tracts & Decomposition. The same analysis as described for Figure S19, with moving
averages over 5 bp, and for different DNA motifs: “[A|T]4” are repeats of A and T nucleotides of length 4
(A-tracts). The “AT2” motif are dinucleotides ApA, ApT or TpA, and “TpA” is the dinucleotide “TpA”. A–C are
frequency profiles for the differential response TU clusters (Fig. S18A). D–F are frequency profiles for the
immediate response clusters (Fig. S18C).
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Figure S21. Normalized WW and AT2 Motif Frequencies. Direct visualization of the spatial relation of
periodic enrichment of the AT2 motif and localized enrichment of the TpA step. The log2 mean ratios of the
WW (black) and the AT2 dinucleotide motifs (colored by cluster) were calculated as described for Figure 7B
and then normalized by dividing each position by the frequency in the total analyzed window. The TpA step is
the difference between the WW and the AT2 motif frequencies and indicated by shade.
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Figure S22. Autocorrelation Analysis of AT2 Motif Frequencies in Upstream Regions. A: The autocor-
relation function of AT2 motif frequencies in concatenated promoter sequences (−150 bp–+15 bp around the
TSS), here exemplary for cluster 1, was calculated after Schieg and Herzel [18] and as described by Lehmann,
Machné and Herzel [15], but without removal of the first 30 positions which controls for periodic coding regions
by alpha helices. B: Power spectrum of the autocorrelation functions in (A). C & D: Power spectra of the AT2
autocorrelation function is described in (A and B) but for all differential response clusters (C, Fig. S18A) and
for all immediate response clusters (D, Fig. S18C).
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Figure S23. Single Nucleotide Frequencies. The same analysis as described for Figure S19, with moving
averages over 5 bp, and for single nucleotides.
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Figure S24. Sequence Logos at the Transcription Start Site. Sequence logos [19] were generated with ggseqlogo
(https://CRAN.R-project.org/package=ggseqlogo) for the time series clusters 1-6 (A) and the early response
clusters (B) from Figures S18A and C. The Jensen-Shannon (JS) divergence (C) between the early response clusters
in (B) was calculated with DiffLogo, where * indicate significance at p < 0.05 [17]. In all plots the TSS is 0, thus +1
should be added to get conventional nomenclature, where TSS is +1. A-B: All clusters showed overall similar sequence
properties, reflecting previous results [20–24]: an enrichment of T and A at -12 and -11, and T at -7. The former (-12/-11)
mark the first nucleotides of the open DNA bubble during initiation of transcription. The latter (-7) binds to a specific pocket
in the σ70 factor of E. coli during open bubble formation [25–27]. A G at -14 (“extended -10”) is enriched in all clusters
except the downregulated clusters 2 (yellow) and 3 (green). This was also observed in promoters of genes upregulated
in the ΔsigBCDE strain [23], and was stronger in SigA-bound than in SigE-bound TU [24]. Only cluster 1 (red) had a
weak enrichment of C at -22 to -24, and only cluster 3 (green) showed weak enrichments of T at ca. -29, -39 and -49, i.e.,
in helically phased distances. A T at ca. -30 was also observed in genes downregulated in a ΔrpoZ strain [22]. C: The
difference logo confirms a lower GC-content in the discriminator region, (marked by horizontal bars from -6 to -3), in the
promoters that were upregulated (“up”) immediately after topAOX induction than in downregulated promoters (“down”), but
shows similar enrichments throughout the core promoter.
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Figure S26. Sigma Factor Expression and Target Genes. Synechocystis carries 9 different sigma factors.
SigA is essential and activates the transcription and translation machineries during autotrophic growth
conditions [28]. The target genes of group 2 sigma factors (SigBCDE) overlap with SigA target genes and
are involved in transcriptional remodeling during dark/light transitions and rapid respond to various adverse
conditions [23, 24, 29, 30]. SigD and SigE may be involved in circadian control of transcription, since their
transcript and protein abundances showed diurnal patterns [30–32]; and SigE activates transcription of sugar
catabolic pathways, incl. glycogen breakdown [33]. The functions of group 3 sigma factors (SigFGHI) are
not well studied. They lack the domain 1.2 [28] which in E. coli is known to mediate differential sensitivity
of promoters to ppGpp [34]. SigH is upregulated and SigG downregulated during heat stress [35], and
SigH is involved in acid acclimation [36]. SigI is upregulated during the dark phase of the diurnal cycle
[16, 37]. A: T-test profile of cluster expression (by single genes, as in Fig. 6A) in the ΔsigBCDE strain
[23] (blue/red color scale) and cluster enrichment profile (black/white color scale) of the TU clusters (Fig.
S18) with SigA-bound, SigE-bound and SigE-dependent TU (column "TSSs within 100bp of peak summit" of
Table S6, and Table 1 of [24]). Total numbers in each group are shown on the top and right axes and colors
scale with the p-values as indicated in the legend. B & C: Time-series of normalized transcript abundances
(Fig. 6, S12) for all nine annotated sigma factors of Synechocystis [28], for the full time series (B) and as
a zoom on the first 3 days post-induction for selected sigma factors and with 25%/75% quantile ranges of
clusters 1–3 shown as transparent ranges (C). D: Normalized abundances of the sigma factor transcripts in
the endpoint measurements of the gyrAkd, gyrBkd and topAOX strains (Fig. 4). Summary: SigA-bound TU
are slightly enriched in the upregulated cluster 1 (A, bottom), yet the sigA transcript is downregulated in all
conditions (B-D). Transcripts of the group 2 factors sigB and sigC are upregulated in all conditions (D), but
only as a late adaptive response in the topAOX time series (B); sigD is upregulated only in the gyrkd strains,
and sigE is strongly downregulated in all conditions (D). The time series (B-C) reveals a notable circadian
pattern in sigE downregulation, preceding the cluster 3 peaks, while sigH is transiently upregulated during
day 1, accompanied by an upregulation of sigI in three circadian steps, preceding the circadian peaks of
cluster 1 transcripts. Thus, the response of sigma factors in our experiments may be related to both the
glycogen-enriched phenotype (sigE, [33]) and the circadian pattern of gene expression after topAOX induction.
However, more data, e.g., chromatin-immunoprecipitation based binding studies, are required to test the
relevance of these pattern.
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Figure S27. Graded Response Along Transcription Units. A & B: As Figure 7G but for all strains and
all TU with ≥ 4 genes (A) or for all TU with ≥ 2 genes (B). Red stars above or below the boxplots indicate
significance (*: p < 0.05, **: p < 0.01 and ***: p < 0.001) in two-sided t-tests of each cluster vs. all other
clusters. C: Example TUs coding for ribosomal proteins. TU and coding genes are colored by their cluster
labels. The transcript abundance levels of coding genes relative to the empty vector control in the endpoint
experiments are color-coded by the viridis color scheme such that blue are lower and yellow are higher
values. The values become progressively lower along the TU, in 5’ to 3’ direction, the gyrAkd and gyrBkd

strains but not in the topAOX strain.
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Appendix A: Reactor Dynamics

Transient Increase in Cell Volume and Density. To study the dynamic response to transient topA induction,
the topAOX strain was grown in a Lambda Minifor bioreactor (Fig. A1) with continuous (online) monitoring
of turbidity (ODλ, Fig . A2A,B). Continuous culture dilution was initiated at ODλ ≈ 2.9 and with dilution
rate φ ≈ 0.24 d−1. The culture stabilized around ODλ ≈ 2.7. Notably, a subtle ≈ 24 h pattern of ODλ was
observed in both batch and pre-induction continuous growth phases. Then rhamnose was injected to 2mM
to induce overexpression of topA. The topA transcript was upregulated to ≈45-fold over the pre-induction
level within 4 h, as measured by RT-qPCR and confirmed by RNA-seq (Fig. S10) and decreased slowly over
the course of the experiment. The ODλ initially increased for 1 d post-induction, then slowly decreased. Cell
dry weight (CDW) measurements were noisy but matched the ODλ signal over the sampled period (Fig. 5A,
A2C). In contrast, cell numbers started to decrease immediately, and cell volumes increased (Fig. S11A).
We calculated growth rates of ODλ, cell numbers and the total cell volume (Fig. S11C, A3). Cell division
was not completely blocked but severely reduced to a division time of ≈10 d (μcount ≈ 0.07 d−1). Total cell
volume growth was much less affected and remained stable (μvolume ≈ 0.18 d−1) throughout continuous
culture operation until 12 d post-induction. Thus, artificial topA overexpression blocked cell division but not cell
volume growth. ODλ growth remained highest (μOD ≈ 0.23 d−1) and stable over the first 5 d–6 d. In parallel,
glycogen content increased to about 35%–40% of the CDW (Fig. 5A). We further noticed that sampled cells
started to sediment much faster, indicating increased intracellular density. By calibrating the ODλ signal to
the CDW measurements (Fig. A2C) and dividing by the total cell volume we can estimate a CDW density
and this value also increased over time from 0.3 to 0.5 gDCW/mLcell (Fig. S11B). This range is consistent with
data from E. coli [38, 39]. However, the CDW per OD750 was relatively lower for the enlarged strains in the
endpoint measurement (Fig. 2A), and thus, the calibration to ODλ may overestimate true CDW density. The
enlarged and denser cells also became increasingly fragile: in the CASY cell counter data a small population
of varying intensity appeared at <2 fL. This peak was highest at 7 d (outlier x in Fig. S11A), where cells were
lysed during centrifugation in a washing step. The washing step was skipped thereafter, and the peak of
small cells (dead or fragmented) remained small but increased towards the end of the continuous culture.
Maximal cell volumes >20 fL were reached 10 d–15 d post-induction. From day 14 a population of smaller cells,
≈ 7.5 fL, appeared. On 16 d this population was the majority, and cell volume further decreased to 5 fL. Cell
pigmentation recovered and the culture appeared greener again. We then switched off dilution, and the culture
resumed growth, although at lower growth rates than pre-induction.
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Figure A1. Photobioreactor Setup. A schematic overview of the cultivation setup showing the Lambda
Minifor bioreactor in front and top-down views alongside its external components and custom expansions. The
gas input mixture is generated by a Lambda MASSFLOW 5000 gas flow controller and a Voegtlin red-y smart
controller, which regulate the flow of compressed air and CO2 respectively. This input gas mixture is then
introduced into the cultivation vessel via the sparger at the end of the agitation unit. The offgas condenser as
well as the reactor’s cooling finger are part of a water cooling circuit which is regulated by a Lauda Eco Silver
thermostat set to 16 ◦C. An Aalborg Massflow Meter monitors the flow rate of the culture’s offgas before it is
lead through a custom microcontroller-based gas sensor array in order to evaluate its O2 and CO2 content.
The reactor actively regulates the culture’s pH and temperature values by controlling its heating compartment
as well as the Lambda Preciflow peristaltic pumps which are attached to NaOH and H2SO4 stock bottles,
each 0.5M. Additional culture parameters are monitored by a dissolved O2 probe attached to the reactor
and an OD4 probe connected to a DASGIP OD4 device. An additional set of peristaltic pumps is attached
to the culture’s medium stock and waste containers in order to control the reactor’s volume and medium
turnover. The reactor weighting module enables the system to operate under chemostat conditions. This is
achieved by manually configuring the medium feed peristaltic pump at a constant speed in order to achieve a
desired medium turnover rate while automatically regulating the waste pump speed to keep the total reactor
weight constant. Additionally, a custom microcontroller-based scale setup is monitoring the weight of both
the medium and NaOH stock bottles, which allows for the calculation of medium and base pump rates from
the recorded data. The culture’s illumination is provided by the Lambda LUMO modules, an LED strip fitted
around the cultivation vessel.
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Figure A2. Calibrations. A: LOESS regression (R loess) of the raw signal (resolution ca. 1 sec) from the
DASGIP OD4 module (ODλ,raw). B: calibration of the LOESS fit of the ODλ,raw signal to offline OD750 nm

by linear regression (R lm). The calibrated signal is used throughout the document and denoted ODλ. C:
calibration cell dry weight (CDW) to the ODλ signal. Data points marked by X were removed as outliers. D: the
LOESS fit of the OD4 signal was then used to estimate CDW for all time points. E: calibration of the Lambda
LUMO light module with a Licor light meter (LI-250A) with a spherical sensor bulb (LI-193). F: time-series of
set and calibrated (white) light intensities (black line, left y-axis) compared to the ODλ time-series (gray line,
right axis). The light intensity was manually adjusted to avoid high-light stress in the culture during biomass
decrease: light was initially increased as a ramp from 42 to 250 photons, then kept constant, and manually
decreased to maintain light intensity approximately at ∼90μmolm−2 s−1 per OD750. After the switch to batch
culture light was again increased from 70 to 250μmolm−2 s−1. G: The Arduino-based scales where calibrated
prior to the experiment (not shown). During the experiment the liquid level on the 5L feed bottle was marked
regularly, and the mass of water filled to these marked was recorded on a benchtop scale (Kern) after the
experiment to test consistent performance. The recorded mass was reproduced sufficiently well (red line:
linear regression): the intercept of the linear regression corresponds to the mass of the empty feed bottle and
the slope was ≈ 1. Since the manual marks on the bottle are more error prone than the pre-calibration, we did
not re-calibrate the data but relied on the recorded mass for calculation of the dilution rate.
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Figure A3. Calculation of Dilution and Growth Rates. All rates were calculated from the slopes of
measured data (or of their natural logarithms as indicated) using piecewise linear segmentation with the
R package dpseg. The plots in A-D were generated by dpseg and the vertical lines indicate borders of
the piecewise segments, and the used penalty parameter P is shown in the plot title on the top axis. The
minimal segment length parameter minl was only used in (C). A: the calibrated ODλ signal (1 sec resolution)
was smoothed with a moving average and window size 15 and interpolated at 300 sec intervals. B: sum of
the recorded weights of medium feed and pH control bottle weight; outliers (faulty measurements or bottle
changes) were removed and data interpolated at 300 sec intervals. C: the total cell count for each CASY
measurement, single measurements and means of technical duplicates. D: the total cell volume, calculated
as the integral of the single cell volume distribution, for each CASY measurement, single measurements
and means of technical duplicates. E: Observed rates. The (negative) slopes of the summed bottle weight
changes (B) reflect the amounts added to the reactor culture by the Lambda reactor mass control system,
assuming 1 g/mL density. The total culture dilution rate (dashed gray line, “dilution + evaporation”) is obtained
by division by the culture volume (V� = 1 L). The liquid loss by evaporation is seen at times before onset of
continuous culture (time -4 d) and is subtracted to obtain the actual dilution rate φ (black line). The slopes
of the change of the natural logarithms of the ODλ signal (A), the total integrated cell volume (B), and the
cell counts (C) are the observed change rates μobs,OD (gray line), μobs,volume (red line) and μobs,count (blue line),
respectively. F: The culture growth rates μOD (gray line) and μcount (blue line) and μvolume (red line) were
calculated as the difference between observed change rates and the culture dilution rate: μ = μobs − φ.
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Conclusion and outlook 
 

 
 

Homo sapiens, the only surviving species of the human genus, has existed on Earth for about 
300 thousand years. Due to the looming climate collapse, depletion of finite resources and 
economic systems based on petrochemicals, we are not only threatening humanity and its 
culture but are also presented with the sixth great mass extinction, if we do not adopt a new way 
of life. Authorities should acknowledge the importance and potential of research on reducing 
fossil fuel consumption and optimizing industrial processes. Microbial production hosts have 
been identified as a sustainable source for the synthesis of raw materials useful for the chemical 
and pharmaceutical industries and can be an important building block towards finding solutions. 
Therefore, sustainable production of terpenoids in microbial hosts is an opportunity in today's 
biotechnological research which provides access to biochemical diversity. Cyanobacteria 
present themselves as a particularly attractive platform for circular bioeconomy. While 
production in established heterotroph platform organisms has highlighted the general promise 
of microbial chassis organisms, sustainable bioproduction using light and CO2 will require the 
development of robust cyanobacterial host organisms. Engineering of the production pathway 
is necessary, but it is also necessary to change other routes in order to reroute carbon from 
growth to product in order to reach production levels that are commercially viable. The ability 
to employ CRISPRi to inhibit transcription of a crucial route, in this case, the pathway leading to 
the synthesis of carotenoids presents an important proof-of-concept. Simple knock-out mutation 
would not have made this conceivable, but it demonstrates the range of what is theoretically 
feasible outside of essentiality. Future engineering of photoproduction in cyanobacteria will be 
guided by metabolomics-based methodologies in addition to in silico flux analysis, enabling the 
creation of more metabolically balanced and durable strains.  Repression of the crtE transcript 
revealed that there was a delicate balance between reduced carotenoid content and 
Synechocystis viability. Fine tuning of carotenoid pathway repression is required for more 
efficient production of valencene. Ideally, the knowledge gained from the in silico analysis to 
improve squalene production can also be used to improve valencene production. In the case of 
squalene improvement, mainly the reaction steps in the MEP synthesis pathway and in parts of 
the Calvin-Benson cycle and lower glycolysis were used. By combining this improvement and 
the adapted terpenoid synthesis pathway, valencene production could be further optimized. At 
the same time, in silico analysis allows prediction of an optimal flux through CrtE, in which 
viability and production are in an ideal balance. 
Numerous previous works in highly various organisms have been performed with similar 
results. Synechocystis sp. PCC 6803 has been subjected to genetic alterations involving the 
deletion of the shc gene in previous works already, resulting in a squalene titer of 0.67 mg∙OD-

1∙L-1 27. Introducing an additional Squalene Synthase from A. thaliana led to an improved titer of 
5.1 mg∙L-1 110, a result which was replicated by another group with an algal squalene synthase111. 
Building on these works and the deletion of shc, further modifications such as the deletion of sqs 
and dCas9-mediated knock-down of crtE coupled with the overexpression of CnVS and ispA, 
were employed for the production of valencene in the same host in this work, reaching titers of 
17.6 mg∙L-1 112. Almost simultaneously, a different group was able to show biosynthesis of 
valencene in Synechocystis with similar strategies113. The same genes (CnVS and ispA) were 
used for overexpression, resulting in a slightly lower titer of 9.6 mg∙L-1 compared to titers 
achieved in a comparable strain in this work (12.5 mg∙L-1), the slight   
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difference likely resulting from the lack of the ΔshcΔsqs deletion in the cited work. The similar 
titers achieved in these two independent studies highlight the robust methods and evaluation of 
the strains constructed in this work. 
TTable 1: Overview of product yields for squalene and valencene produced in different organisms as found in 
literature. 

Organism  Product  Modifications  Titer  Ref.  
Synechocystis sp. PCC 
6803 

Squalene Δshc; expression of BSS 5.1 mg∙L-1  

Synechocystis sp. PCC 
6803 

Squalene Δshc 0.67 mg∙OD-1∙L-1  

Synechocystis sp. PCC 
6803 

Squalene Δshc 5.1 mg∙L-1  

Synechocystis sp. PCC 
6803 

Valencene Overexpression of CnVS and ispA 9.6 mg∙L-1 113 

Synechocystis sp. PCC 
6803 

Valencene Δsqs, Δshc; Overexpression of CnVS, 
ispA; CRISPRi of crtE 

17.6 mg∙L-1  

Synechococcus sp. 7942 Squalene Expression of SQS, idi, dxs, ispA 4.98 mg∙OD-1∙L-1  
Escherichia coli Squalene ∆pgi, ∆menA, expression of hsqs, zwf, 

pgi, idi, ispA, dxs, udhA 
52.1 mg∙L-1  

Rhodobacter capsulatus Squalene Expression of A. thaliana SQS1 8.24 mg∙L-1  
Rhodobacter capsulatus Valencene Expression of CnVS, ispA, MVA cluster 18 mg∙L-1  
Corynebacterium 
glutamicum 

Valencene Expression of ERG20, ispA, CnVS; ∆crtE, 
∆idsA 

2.41 mg∙L-1  

Saccharomyces 
cerevisiae 

Valencene Overexpression of erg10, erg13, tHMG1, 
erg12, erg8, erg19, erg20 
and idi1, Δrox1, down-regulated erg9, 
Δbts1, Δdpp1, Δlpp 

539 mg∙L-1 118 

Yarrowia lipolytica ATCC 
20460 

Valencene  Overexpression of HMG1, ERG12, ACL1, 
SeACS, IDI, ERG20, CnVS downregulation 
of SQS 

113.9 mg∙L-1 119 

Ustilago maydis Valencene Expression of CnVS, crtB; ∆car2 5.5 mg∙L-1  
 
Synechococcus sp. PCC 7942, another cyanobacterial strain, exhibits the production of 
squalene through the expression of key biosynthetic genes, resulting in a titer of 
4.98 mg OD-1∙L-1 114. Escherichia coli, a well-established microbial workhorse, achieves a 
notable squalene titer of 52.1 mg/L through the deletion of pgi and menA genes, coupled with 
the expression of an array of biosynthetic genes115. 
Rhodobacter, a photosynthetic bacterium, exhibits a Squalene titer of 8.24 mg∙L-1  through the 
expression of the Arabidopsis thaliana SQS1 gene110. Additionally, valencene production in 
Rhodobacter is achieved through the expression of CnVS, ispA, and the MVA cluster, yielding 
a titer of 18 mg∙L-1 116. 
Next to work in photosynthetic chassis organisms, valencene and squalene were also 
successfully produced in various heterotrophs, some of which are established platform 
organisms in industrial biotechnology. 
Valencene production was demonstrated in Corynebacterium glutamicum, a gram-positive 
bacterium, through the expression of ERG20, ispA, and CnVS genes, accompanied by the 
deletion of crtE and idsA genes, resulting in a titer of 2.41 mg∙L-1 117.  
Ustilago maydis, a fungus originally isolated as a pathogen from maize plants, but now a relevant 
chassis in biotechnological applications, serves as a host for valencene production through the 
expression of CnVS and crtB genes, along with the deletion of the car2 gene, yielding a titer of 
5.5 mg∙L-1 120.  
Significantly higher titers of valencene have been achieved in the two yeasts Yarrowia lipolytica 
and Saccharomyces cerevisiae, both of which serve as biotechnological platform organisms in 
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the industry. With 113.9 and 539 mg∙L-1, respectively118,119, they are capable of achieving 10-50 
fold higher titers. It should be noted that in both cases, the cultivation conditions and volumes 
differ significantly from, e.g., conditions used in this work. For S. cerevisiae, a cultivation volume 
of 3L was chosen. Cells were cultivated using fed-batch fermentation, for a total of 135h, 
supplementing excess glucose semi-continuously. On a biomass-specific level, the same strain 
achieving 539 mg∙L-1 achieved 22.7 mg/DCW, which is close to modified Synechocystis from 
this work (19 mg/DCW). Similarly, Y. lipolytica reached more than a 5-fold higher titer 
compared to Synechocystis, but only close to 4 mg valencene per DCW, due to the high cell 
density reached. This highlights the need for high-volume photobioreactors tailored to the 
needs of cyanobacteria, in order to achieve similar biomass. It should also be noted that there 
is a trade-off between high biomass and light availability for the individual cell, which may lead 
to lower productivity at high biomass concentrations, due to light limitation and reduced 
photosynthetic activity. For this reason, alternative cyanobacterial strains with shorter doubling 
times and high light tolerance are being explored as more suitable biotechnological 
chassis121,122.  
Next to the modification of central carbon and terpenoid biosynthesis pathways also explored 
in varous cited literature (TTable 1), a logical next step in strain engineering would be the 
production of the sesquiterpenoid nootkatone, an aromatic compound found in grapefruits 
which is an effective repellent or insecticide against mosquitoes. The main challenge in the 
synthesis of nootkatone so far has been the low catalytic efficiency of the membrane-anchored 
cytochrome P450/P450 reductase system123. In C. nootkatensis, the biosynthesis of nootkatone 
starts at FPP, which is converted to valencene by valencene synthase. This is followed by the 
regioselective oxidation of valencene to nootkatol by cytochrome P450 coupled with P450 
reductase. Nootkatone is finally synthesized by the dehydrogenase-catalyzed oxidation of 
nootkatol. The pronounced membrane system of cyanobacteria could turn out to be particularly 
suitable for the membrane-anchored enzymes. In addition, Synechocystis contains not only 
endogenous CP450, for which oxygen and NADPH are readily available via photosynthetic 
activity, but also native alcohol hydrogenases, which are required for the final oxidation. 
As mentioned before, there is a trade-off between cell density and light availability in 
cyanobacterial cultivation. An additional trade-off must be considered for producing strains – 
the trade-off between accumulation of biomass and desired product88. In this case,  a two-phase 
cultivation system could be beneficial for cultivating the valencene-producing strain (Figure 3). 
It is ideal to grow the organism to the best possible cell density, taking into account factors like 
self-shading and gas exchange, and then inducing the valencene production cassette and 
reducing carotenoid production via crtE. Thus, in the growth phase, the organism has enough 
capacity to build up its carotenoid pool and in the production phase, in which growth is 
undesirable, the free precursor molecules of the terpene metabolism can be put into the 
production of valencene.  
 

 
Figure 3: Scheme of a proposed switchable two-phase cultivation system. Left: Growth phase. Right: Production 
phase. 
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In this work it could be shown that by manipulating supercoiling, an increase in glycogen and 
ATP could be achieved. However, the simultaneous reduction of pigments that are required for 
photosynthesis entails a strong loss of viability. A quickly switchable system is required in which 
growth and production phases can be changed at short notice. The breakdown of the 
overproduced topoisomerase I by a protein degradation tag could be a possible solution here. 
In a finely tuned system, the next step would be to assess whether the additional energy carriers 
ATP and energy storage glycogen can be converted into a product before they are enriched. 
The formation of a fluorescent protein is a good way to quickly measure a positive effect on the 
protein level, while valencene production would confirm a positive effect on the metabolic level. 
The amount of reduction equivalents such as NADPH was not investigated in these strains. Since 
they are an important requirement for many production pathways, a redox balance is desirable. 
Computational models developed for cyanobacterial will further aid in understanding and 
engineering the metabolism of cyanobacterial chassis.  
 
In a recent publication, a novel method for decoupling growth and production in E. coli was 
introduced by eliminating oriC from its genome102. While the current design relies on 
temperature elevation as the switch trigger, challenges may arise in large-scale fermentations 
due to inefficient distribution of equal temperature across the vessel. The operation is 
dependent on a serine recombinase sourced from bacteriophage phiC31. The expression of 
this recombinase is regulated by the temperature-sensitive cI857 repressor derived from 
phage lambda. In cells that undergo switching, the expression of the reporter protein persists 
even after growth has stopped, resulting in protein levels up to 5 times higher compared to non-
switching cells. Alternative regulatory mechanisms, such as small molecules, could be explored 
to control serine recombinase expression, provided it remains tightly repressed under non-
inducing conditions.  
The findings underscore how cells can sustain metabolic activity and continue protein synthesis 
after stopping growth. In the context of bioproduction, the growth-decoupling system holds 
potential when combined with strategies that enhance product synthesis, such as the modulation 
of specific metabolic pathways, substrates, or cofactor availability. Instead of being a substitute, 
arresting growth emerges as a complementary approach to enhance product titers, yield, and 
overall productivity. 
Historically, reprogramming microorganisms for novel functions has heavily relied on 
specialized molecular biology tools addressing genetic regulation. Recent advancements in 
pathway engineering, as exemplified by the FENIX device discussed in cited literature124, 
explore a previously unexplored feature – the constitutive degradation of a target protein within 
a pathway. This degradation is triggered by a user-controlled, cost-effective inducer. The 
FENIX system not only finds application in metabolic engineering for biopolymer accumulation 
in recombinant E. coli strains, but also enables complex pathway engineering with external 
control over the production of multiple proteins in different metabolic network domains. 
Although the study focuses on intracellular PHB accumulation, a macromolecule also present in 
multiple cyanobacterial species125, the system's versatility extends to increasing biosynthesis of 
extracellular products, particularly those challenging to control at the gene expression level. 
Efficient bioproduction demands precise fine-tuning of cell growth and biosynthesis. A GCE-
based orthogonal protein translation system, introduced in126, into genetically recoded E. coli 
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and B. subtilis allows the incorporation of non-canonical amino acids. This system, combined 
with amber stop codon insertion, was successfully applied in proof-of-concept metabolic 
engineering for increased GlcNAc and NeuAc production in E. coli and B. subtilis, respectively. 
The combination of GCE and genetically recoded bacteria demonstrates potential for the 
precise regulation of cellular metabolism. The incorporation of the highly efficient ncAA OMeY 
tool, the first developed for B. subtilis, expands ncAA-incorporated protein production to this 
bacterium, leveraging its strong protein secretion capability. Given the pathway-independence 
and inactivity of the GCE-CGBBE strategy without naturally occurring ncAAs, it exhibits generic 
and robust features applicable to other crucial biochemical productions in engineered bacteria. 
Our strategy implies a global reprogramming approach resulting in a growth stop, metabolic 
rewiring (glycogen, ATP, pigments) and genetic reprogramming on a transcriptional level. It 
could be hypothesized that such a strain could be used for the production of valuable 
compounds by making use of a globally reprogrammed cell with reduced flux towards 
biomass. Further work is required to efficiently redirect the energy and carbon set free in the 
form of ATP and glycogen, while maintaining a sufficient level of cell viability. 
 
Finally, the optimization of growth and production phases in photobioreactors may be possible 
by combining the two genetic engineering approaches – computer-aided metabolic 
engineering via CRISPRi technology and manipulation of DNA-topology - into a single strain and 
working towards a fully synthetic control over the endogenous DNA supercoiling equilibrium.  
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