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Cyanobacteria constitute one of Earth’s oldest and most diverse bacterial phyla. Due to their 

expansion all around the globe they are strongly influencing global carbon and nitrogen cycles. 

Although cyanobacteria are so important for the maintenance of these global cycles, many aspects 

of their metabolism are still poorly understood. One example is the metabolism of 

polyhydroxybutyrate (PHB), which is produced in many cyanobacteria like the model organism 

Synechocystis sp. PCC 6803. This intracellular biopolymer is mainly produced under conditions of 

nitrogen starvation when Synechocystis undergoes a transformation into a resting state termed 

chlorosis. However, the physiological function of PHB as well as corresponding factors influencing 

its biosynthesis are mostly unknown. In the present work, all these questions were investigated and 

comprehensively discussed. 

To investigate the physiological function of PHB, a Synechocystis wildtype was compared to a PHB-

free mutant strain. We could show that in Synechocystis, unlike in other bacteria, PHB is not used as 

a carbon storage and is furthermore not required for resuscitation from chlorosis. Factors 

influencing the formation of PHB are the aeration as well as the illumination regime, with more PHB 

being formed during day/night rhythm (compared to continuous light) and with high gas exchange 

in the culture. Interestingly, we could show that PHB is not degraded after resuscitation but is 

instead only disaggregated to smaller granules and distributed among dividing cells.  

In other organisms, a variety of different proteins are involved in the PHB metabolism, including the 

formation, the maintenance as well as the degradation of the PHB granules. In this work we 

investigated several proteins, which are putatively involved in the PHB metabolism and discovered 

the novel regulator Slr0058, which is affecting the number and size of PHB granules. Different 

carbon pathways were analyzed for their impact on the PHB production, where the Embden 

Meyerhof Parnas pathway turned out to be the most important one. To analyze, where the carbon 

required for the formation of PHB is derived from, several knockout strains were analyzed for their 

ability to produce PHB. Whenever glycogen metabolism was disturbed, it negatively influenced the 

accumulation of PHB, indicating a direct link between both carbon-polymers. The carbon flux 

between both polymers was shown to be influenced by the protein Sll0944. This regulator is highly 

upregulated during chlorosis and inhibits the phosphoglycerate mutase, whereby it regulates the 

glycogen catabolism.  

Since PHB exhibits similar material properties to polypropylene, PHB is often considered as a 

biobased and biodegradable plastic substitute, which is of high biotechnological interest. The ability 

of a Δsll0944 mutant strain to rapidly degrade glycogen was exploited to create a PHB 

overproduction strain. To achieve this, PHB biosynthesis genes were overexpressed in a Δsll0944 

background to create the strain PPT1, which produced the highest rates of PHB ever achieved in a 

phototrophic bacterium. The results generated in this work deepen the understanding of the PHB 

metabolism in Synechocystis and lay the foundation for a sustainable, carbon neutral production of 

PHB.  
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Cyanobakterien repräsentieren einen der ältesten bakteriellen Phyla der Welt. Aufgrund ihrer 

globalen Verbreitung besitzen sie einen starken Einfluss auf globale Kohlenstoff- und 

Stickstoffkreisläufe. Trotz dieser großen Relevanz sind viele Aspekte ihres Metabolismus bislang 

schlecht erforscht. Ein Beispiel dafür ist Polyhydroxybutyrat (PHB), welches in vielen 

Cyanobakterien (auch dem Modelorganismus Synechocystis sp. PCC 6803) gebildet wird. Dieses 

intrazelluläre Polymer wird vornehmlich unter Stickstoffmangel synthetisiert, während 

Synechocystis in einen Überdauerungszustand namens Chlorose übergeht. Bislang sind die 

physiologische Relevanz von PHB sowie Einflussfaktoren auf dessen Biosynthese größtenteils 

unbekannt. In der vorliegenden Arbeit werden all diese Fragen adressiert und umfassend diskutiert.  

Um die physiologische Funktion des PHB zu erforschen wurde ein Synechocystis Wildtyp mit einer 

PHB-freien Mutante verglichen. Wir konnten zeigen, dass, im Gegensatz zu anderen Bakterien, PHB 

nicht als Kohlenstoffspeicher genutzt wird, und darüber hinaus keine Relevanz während der 

Recovery aus der Chlorose besitzt. Wichtige Faktoren für die PHB-Biosynthese sind sowohl die 

Beleuchtung als auch der Gasaustausch, wobei bei Tag/Nacht-Rhythmus (im Vergleich zu 

Dauerlicht), sowie bei hohem Gasaustausch mehr PHB gebildet wird. Interessanterweise wird PHB 

während der Recovery aus der Chlorose nicht abgebaut, sondern lediglich in kleinere Granula zerteilt 

und auf Tochterzellen verteilt.  

In anderen Organismen sind viele verschiedene Proteine am PHB-Metabolismus beteiligt, etwa 

während der Bildung, der Instandhaltung oder der Degradation der PHB Granula. In dieser Arbeit 

wurden mehrere Proteine untersucht, die einen Einfluss auf den PHB Stoffwechsel haben könnten. 

Dabei wurde ein neuer Regulator entdeckt, Slr0058, welcher die Anzahl und Größe von PHB-Granula 

beeinflusst. Bei der Untersuchung verschiedener Kohlenstoffwege stellte sich heraus, dass der 

Embden Meyerhof Parnas Weg der wichtigste für die PHB Bildung ist. Um den intrazellulären 

Ursprung des PHB zu ermitteln wurde verschiedene Knock-Out Mutanten untersucht, wie sich die 

PHB Biosynthese durch die Mutation ändert. Dabei zeigte sich, dass eine Beeinträchtigung des 

Glykogen-Stoffwechsels sich negativ auf die PHB Bildung auswirkt, was auf eine Verknüpfung beider 

Polymere hindeutet. Dieser Stofffluss wird durch einen neu entdeckten Regulator, Slr0944, 

gesteuert. Dieser Regulator ist besonders abundant während der Chlorose, wo er die 

Phosphoglycerat-Mutase inhibiert und dadurch den Kohlenstofffluss reguliert.  

Aufgrund der ähnlichen Materialeigenschaften zu Polypropylen wird PHB häufig als eine biobasierte 

und biologisch abbaubare Alternative angesehen, was von großer biotechnologischer Relevanz ist. 

Die Eigenschaft einer Δsll0944 Mutante, während der Chlorose vermehrt Glykogen abzubauen, 

wurde genutzt, um einen PHB Überproduktionsstamm zu erzeugen. Dazu wurden in einem Δsll0944 

Stamm PHB-Biosynthese-Gene überexprimiert, wodurch der höchste jemals gemessen PHB Gehalt 

in einem phototrophen Organismus erzeugt wurde. Die Ergebnisse dieser Arbeit erweitern unser 

Verständnis vom PHB Metabolismus in Synechocystis und legen somit die Grundlage für eine 

nachhaltige, CO2-neutrale PHB Produktion.  
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1. Cyanobacteria1 

1.1 Classification, ecology and evolution 

Cyanobacteria are a phylum of microorganisms, belonging to the kingdom of bacteria. They are 

gram negative prokaryotes and date back at least as early as 2.7 billion years ago (Sili et al., 2012). 

Within this time, they adapted to various environmental conditions, enabling them to survive on all 

light exposed parts of the earth, including extreme ecosystems, such as hot springs or the desert 

sand crust (Raanan et al., 2016, Papke et al., 2003). 

Cyanobacteria can be categorized in five different sections, based on their morphology (Rippka et 

al., 1979). Section I comprises unicellular organisms, which reproduce by either binary fission or 

budding. Similarly, Section II cyanobacteria are also unicellular; unlike the previous Section though, 

these ones are able to reproduce by multiple fission. Section III comprises filamentous organisms, 

which show no specialized cells. In contrast, Section IV, which are also filamentous cyanobacteria, 

do have specialized cells within their filaments. These can be either heterocysts (nitrogen fixing 

cells), hormogonia (motile filaments) or akinetes (spore-like cells). While Section III and IV cells 

divide in only one plane, cyanobacteria of the Section V can divide in more than one plane. The 

members of this Section are also filamentous cyanobacteria, which do as well form specialized cells.   

One unique feature about cyanobacteria is, that they are the only bacteria, which are able to 

perform oxygenic photosynthesis (Sánchez-Baracaldo and Cardona, 2020). This allows them to grow 

photoautotrophically, consume CO2 while producing O2. Due to this ability and their high 

abundance, cyanobacteria were responsible for a drastic change in the atmospheric composition 

during the paleoproterozoic era. In the so called “great oxygenation event”, cyanobacteria started 

~2.3 billion years ago to create the oxygen-enriched atmosphere of the world as we know it today 

(Schirrmeister et al., 2015) 

 

1.2 Synechocystis sp. PCC 6803 

Synechocystis sp. PCC 6803, hereafter Synechocystis, is a cyanobacterial model organism. In 1968 it 

was first isolated from a freshwater lake in Berkeley in 1968 (Stanier et al., 1971).  Within the last 

decades, various laboratory sub-strains have evolved (Zavřel et al., 2017). They can be differentiated 

based on genotypic and phenotypic properties, such as their ability to grow on glucose or on their 

motility. Since it got first isolated, Synechocystis became a model organism for studying different 

aspects of photosynthetic lifestyle. One reason for this is its fully sequenced genome, which was the 

first ever-sequenced genome of a phototrophic microorganism (Kaneko et al., 1996). Furthermore, 

Synechocystis is capable of natural genetic transformation, making the organism accessible for 

genetic modification. This allows to easily create knockout strains and analyzing the function of its 

 
1 Parts of this introduction are quotes from KOCH, M. & FORCHHAMMER, K. 2020. Storage polymers in 
cyanobacteria: friend or foe? . Cyanobacteria biotechnology, Wiley.. Copyright Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission. 
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genes. Additionally, Synechocystis possesses a versatile metabolism, allowing them to generate 

energy from either sunlight or organic carbon sources. Due to these diverse metabolic lifestyles, 

namely phototrophic, mixotrophic or heterotrophic growth, Synechocystis possesses a variety of 

different carbon pathways and is therefore a model organisms for those as well (Chen et al., 2016). 

Unlike other cyanobacteria, Synechocystis is unable to fix atmospheric nitrogen, but instead takes 

up other sources of combined nitrogen, which is also intensively studied (Watzer et al., 2019). 

Finally, Synechocystis has the ability to produce a wide variety of biopolymers, such as glycogen, 

cyanophycin, polyhydroxybutyrate or polyphosphate, which are relevant for basic research as well 

as biotechnological applications. At the same time, the unicellular bacterium is easy to cultivate, 

since it grows planktonic, is relatively resistant to various stress and has a fast growth rate compared 

to other cyanobacteria (Branco Dos Santos et al., 2014). All of this makes Synechocystis a well-

studied model-organism. In the following, the specificities of this cyanobacterium are further 

described.  

  

2. Metabolism of Synechocystis sp. PCC 6803 

2.1 Energy metabolism 

2.1.1 Photosynthesis 

Oxygenic photosynthesis can be divided in two processes: light-dependent reactions and the light-

independent reactions. The light-dependent reactions are processes that harvest energy from 

sunlight and store it in energy-dense molecules, such as ATP or NADPH. In light-independent 

reactions, also known as Calvin-Benson-Bassham-Cycle, this energy is used to fix atmospheric CO2 

(described below under “CO2 fixation”). The light-dependent reactions take place in the thylakoid 

membranes and are mediated by the Photosystem II and I complexes (PS II and I, respectively) (Lea-

Smith et al., 2016) (Figure 1 A). In the first step, a light-harvesting complex, called phycobilisome, 

redirects absorbed light towards PS II. Here, a chlorophyll a molecule is excited by the absorption of 

one photon. As a consequence, one electron of chlorophyll a gets transferred through various 

electron acceptors, until it finally reaches plastoquinone, which gets reduced to plastoquinol. In this 

process, plastoquinone takes up two protons from the cytoplasmatic side of the thylakoid 

membrane. While plastoquinone diffuses through the thylakoid membrane, a series of redox 

reactions take place, where the electron gets passed to cytochrome b6f complexes. Simultaneously, 

plastoquinone releases the protons on the luminal side of the membrane, creating a proton 

gradient. In this process called the q-cycle, a total of two plastoquinone are reduced to two 

plastoquinol, before the latter are oxidized again at the luminal side of the membrane and 4 protons 

are released into the lumen. The electrons released in this process are passed on to a mobile, water 

soluble electron carrier, either plastocyanin or cytochrome c6, depending on the cupper 

concentration (Duran et al., 2004). When PSI is photooxidized by another photon, an electron is 

passed on to the next electron acceptor, ferredoxin. The oxidized chlorophyll a in the PSI reaction 

center is subsequently reduced by an electron from the plastocyanin / cytochrome c6 pool. The 
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ferredoxin can then be used in one of the two following ways. The first option is that ferredoxin 

serves as an electron donor for anabolic processes like nitrogen assimilation. In the second option, 

ferredoxin carries the electron to a ferredoxin NADP+ reductase, which oxidizes ferredoxin and 

reduces NADP+ to form NADPH. In some cases, reduced ferredoxin can also react with other 

enzymes like sulfite reductases or hydrogenases. 

Right after the PS II lost one electron in the first step of this process described above, PS II is 

reduced again by deriving an electron from the oxygen evolution complex. The latter is attached to 

PS II and splits two molecules of water into 4 protons, 4 electrons and one molecule of oxygen. The 

electrons are then further transferred to the PS II complex, which channels them into the process 

described above. The four protons from this process, as well as the two protons transferred by the 

plastoquinone, create a proton gradient among the thylakoid membrane. This gradient can be 

utilized by the ATP synthase, which converts ADP to ATP (Lea-Smith et al., 2016).  

 

Figure 1. Schematic overview of important electron transport chains in cyanobacteria. A) photosynthetic and 
B) respiratory electron transport chains, both located at the thylakoid membrane. Red lines show pathways 
which are not present in Synechocystis. Broken lines indicate putative electron transport proteins or pathways, 
which are not yet experimentally confirmed. Modified from Lea-Smith et al. 2016. Abbreviations: ARTO—
alternative respiratory terminal oxidase, COX—cytochrome-c oxidase, Cyd—bd-quinol oxidase, cyt b6f—
cytochrome b6f , Cyt c6—cytochrome c6, Fd—ferredoxin, Flv2/4—Flavodiiron 2/4, FNR—ferredoxin-NADP+-
reductase, NDH-1—NAD(P)H dehydrogenase 1, NDH-2—NAD(P)H dehydrogenase 2, Pc—plastocyanin, PQ—
plastoquinone, PQH2—plastoquinol, PS I—Photosystem I, PS II—Photosystem II, PTOX—plastid 
terminal oxidase, SDH—succinate dehydrogenase. 

 

2.1.2 Respiration 

The process of respiration is considered as the opposite of the photosynthetic electron flow. This 

process becomes necessary, when no energy can be produced via photosynthesis, for example 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dehydrogenase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidase
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during the night. Then, energy-dense molecules and oxygen are converted to ATP and CO2. This 

process is also often referred to as oxidative phosphorylation. Respiration takes mainly place in the 

thylakoid membrane and shares many components with the photosynthetic electron flow (Lea-

Smith et al., 2016) (Figure 1 B). The first step is catalyzed by different kinds of dehydrogenases, 

which oxidize NADPH, NADH or succinate. Of those different dehydrogenases, in Synechocystis the 

succinate dehydrogenase appears to be the most import one (Cooley and Vermaas, 2001). The latter 

is part of the TCA cycle (tricarboxylic acid cycle), where succinate gets oxidized to fumarate. 

Alternatively, as a recent study has shown, the respiratory complex I uses ferredoxin derived from 

PS and  thereby directly connects  both complexes (Schuller et al., 2019). The electrons derived from 

NADPH, NADH or succinate are subsequently used to reduce the plastoquinone pool. From there, 

the electrons are transferred to the cytochrome b6f complex, similarly like in the photosynthetic 

electron flow. Another similarity between both processes is, that the electron from the cytochrome 

b6f complex get subsequently transferred to either cytochrome c6 or plastocyanin, while generating 

proton motif force. From here, unlike in the photosynthetic electron flow, the electrons now get 

transferred to a terminal oxidase. Although there are several different ones present in 

cyanobacteria, the dominant one in Synechocystis is a cytochrome-c oxidase complex (Hart et al., 

2005). These terminal oxidases transfer the electrons to the final electron acceptors oxygen and 

hydrogen, by which water is formed. The protons, which were pumped into the thylakoid lumen 

during the entire process described above, created a proton gradient, which is utilized by the ATP 

synthase to generate ATP. Another function of the terminal oxidases is the protection of the cell 

from oxidative stress during photobleaching. In times of fluctuating light intake, this prevents the 

cells from overreduction of the electron transport chain (Lea-Smith et al., 2013). Finally, although 

similar in their process, respiration and photosynthesis usually do not take place at the same time. 

This phenomenon is known as the Kok effect (Kok 1949).  

 

2.2 Carbon metabolism 

2.2.1 Carbon pathways 

For carbon metabolism, there are three central pathways present in Synechocystis, namely the EMP 

(Embden Meyerhof Parnas) pathway, the ED (Entner Doudoroff) pathway and the  OPP (oxidative 

pentose phosphate) pathway (Figure 2) (Makowka et al., 2020). The EMP pathway is also known as 

the classic glycolysis pathway and is important for carbon catabolism. This pathway utilizes a unique 

enzyme, a phosphofructokinase (Pfk), which converts fructose-6P to fructose-1,6-bisphosphate. 

Another carbon pathway is the ED, which has just recently been discovered to occur in 

cyanobacteria (Chen et al., 2016). A 2-keto3-deoxygluconate-6-phosphate aldolase (Eda) is the key 

enzyme, which is unique for the ED pathway. This pathway is important under mixotrophic growth 

and during day/night-autotrophic growth. Furthermore, the ED pathway was shown to supply 

anaplerotic intermediates, which is relevant during the onset of carbon fixation after a transition 

from dark to light (Makowka et al., 2020). Although the ED pathway generates less ATP than the 

EMP pathway, it has lower proteins costs. This trade-off can be beneficial under conditions of 
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mixotrophic conditions, where energy is plentiful available and cells are instead nutrient limited 

(Flamholz et al., 2013). Finally, the third main carbon route is the OPP pathway. Its unique enzyme is 

a 6-phosphogluconate dehydrogenase, which catalyses the reaction from 6P-gluconate to ribulose-

5P. This pathway is most important during heterotrophic growth, where the EMP pathway plays also 

a minor role (Makowka et al., 2020). Additionally, the OPP pathway is channeling significant 

amounts of carbon during growth at alternating day/night rhythm, together with the ED pathway 

(Chen et al., 2016). Recent studies have furthermore suggested, that the OPP pathway is regulated 

via tricarboxylic acid (TCA) cycle intermediates (Ito and Osanai, 2020). Another remarkable feature 

of the OPP pathway is, that it can also run in reverse direction. For this it is known as the reductive 

pentose phosphate pathway or as the Calvin-Benson-Bassham (CBB) cycle. This pathway is 

important for carbon uptake and will be explained in the next chapter in more detail.  
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Figure 2. Central carbon metabolism in Synechocystis sp. PCC 6803. Important enzymes are shown in green. 
The EMP (Embden Meyerhof Parnas) pathway is highlighted in green, the ED (Entner Doudoroff) pathway in 
blue and the OPP (oxidative pentose phosphate) pathway in yellow.  

Another less important pathway is the phosphoketolase pathway. Here the central enzyme is a 

phosphoketolase (Xfpk), which converts xylulose-5-phosphate (or fructose-6-phosphate) to acetyl 

phosphate and glyceraldehyde 3-phosphate (or erythrose 4-phosphate) (Xiong et al., 2015). Since 

the presence of this pathway has just recently been discovered in cyanobacteria, not much is known 

about its relevance during different growth conditions.  

2.2.2 CO2 fixation 

Cyanobacteria can grow autotrophically and rely completely on inorganic carbon. To fix atmospheric 

carbon, cyanobacteria have developed different strategies. For the initial step, the transfer of 

carbon into the cell, Synechocystis possesses five different carbon uptake systems (Forchhammer 

and Selim, 2019, Burnap et al., 2015). Two of them are CO2 uptake systems, while the three others 

are HCO3- transporters. Once inside the cell, HCO3
- gets transported to the carboxysomes, which are 

organelles where the carbon fixation takes place. The protein shell of the carboxysome represents a 

diffusion barrier and enables a high local carbon concentration (Rae et al., 2013). Here, a carbonic 

anhydrase dehydrates HCO3- to CO2 and thereby increases the local CO2 concentration within the 

carboxysome. Inside the carboxysome, the enzyme ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) is located. RuBisCO catalyzes the first step of the Calvin-Benson-

Bassham (CBB) cycle, which serves as the main carbon fixing pathway in cyanobacteria. In the first 

step, RuBisCO carboxylates ribulose-1,5-bisphosphate with one molecule CO2 to 2-carboxy 3-keto 

1,5-biphosphoribotol. Since the latter is an unstable product, it immediately splits into two units of 

3-phosphoglycerate. These molecules can than either continue through the CBB cycle to regenerate 

ribulose-1,5-bisphosphate or get used as central metabolites through various other carbon 

pathways. Here, newly fixed carbon can then either be used for anabolic reactions, such as the 

formation of amino acids, or stored in the form of glycogen.  

One major disadvantage of the central enzyme RuBisCO is its low affinity and specificity for CO2, 

enabling it to also bind O2 instead of CO2. In this case, ribulose-1,5-bisphosphate is converted to one 

molecule of 3-phosphoglycerate and one molecule 2-phosphoglycolate. Since the latter is a toxic 

compound, Synechocystis has evolved various strategies to detoxify it (Eisenhut et al., 2008). 

However, since these detoxification steps require energy, losses of fixed carbon and liberates  

nitrogen, which has to be re-assimilated, this process called photorespiration is considered a 

tremendous waste of resources for the cell (Hagemann and Bauwe, 2016, Fernie and Bauwe, 2020).  

Besides the CBB cycle, Synechocystis has evolved further strategies to improve the carbon uptake. 

One is a carbonic anhydrase module, which is attached to photosynthetic complex I. When reduced 

ferredoxin binds to complex I, its electrons can be used to pump protons inside the thylakoid lumen. 

Alternatively, this energy can be used to bind one molecule of CO2 and convert it into NaHCO3, 

which makes it part of the carbon-concentrating mechanism (Schuller et al., 2020). Furthermore, 

CO2 can get fixed by the phosphoenolypyruvate carboxylase (PEPC). This enzyme carboxylates 
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phosphoenolpyruvate, leading to the formation of oxaloacetate (Scholl et al., 2020). However, a 

subsequent reaction of malic enzyme results in the loss of CO2 again. 

2.2.3 Carbon storage 

While most of the fixed carbon is directly used for anabolic reactions, at certain times Synechocystis 

faces conditions of carbon excess. This can be the case during nutrient limitation, as well as during 

the day, when more carbon is fixed than directly needed. Under both conditions, carbon has to be 

stored. For this purpose, Synechocystis uses two different carbon storage polymers, namely 

glycogen and polyhydroxybutyrate (PHB). Since the latter has never been proven to truly serve as a 

carbon reservoir, it will not be considered in this paragraph. On the other hand, several studies have 

shown that glycogen is the most important carbon storage pool, heavily influencing the cell’s 

metabolism (Damrow et al., 2016, Grundel et al., 2012)  

Glycogen is built up of glucose 1-phosphate units, which first have to be activated by a glucose-1-

phosphate adenylyltransferase (GlgC). This enzyme transfers an ADP residue from ATP to glucose 1-

phosphate. ADP-glucose monomers are then polymerized by a glycogen synthase (GlgA), 

connecting the monomers via an α-1,4-glycosidic-linkage. Additionally, a branching enzyme (GlgB) 

adds α-1,6-glycosidic-linkages between growing glucan chains, resulting in a branched glycogen 

polymer (Preiss, 2006, Preiss, 1984).  

During glycogen degradation, glycogen debranching enzymes (GlgX) hydrolyses the α-1,6- 

glycosidic-linkages to reduce the branching. The leftover glucan polymer, a chain of α-1,4-linked 

glucose units, is subsequently broken down into glucose 1-phosphate subunits via a glycogen 

phosphorylase (GlgP), which can be further catabolized via different metabolic routes (Doello et al., 

2018).  

Interestingly, Synechocystis possesses a pair of homologues versions of many enzymes involved in 

glycogen metabolism. This is the case for GlgA, GlgP, GlgX and potentially GlgB. While some of the 

enzymes can replace each other (for example GlgA1 and GlgA2) (Grundel et al., 2012), other show 

different activities and a deletion of one version cannot be compensated by the homologue variety 

(glgP1 and glgP2) (Doello et al., 2018). Interestingly, some of the homologue enzymes are contrary 

regulated on a transcriptional level. For example, GlgP2 is upregulated during the night, while GlgP1 

is downregulated, indicating different physiological functions despite similar biochemical 

characteristics of the enzymes (Saha et al., 2016).  

There are several studies demonstrating the importance of glycogen during unbalanced and 

stressful growth conditions. For example, glycogen free mutants with a deletion of glgA1/A2 or glgC 

show slightly impaired growth when cultivated with continuous light (Grundel et al., 2012). 

However, when the same strains are grown under alternating day/night rhythm or nitrogen 

starvation, both cultures die within a few days (Grundel et al., 2012). This highlights the importance 

of glycogen as a storage polymer for balanced carbon and energy homeostasis.  
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2.3 Nitrogen metabolism 

2.3.1 Nitrogen assimilation 

The availability of nitrogen is an important and often limiting aspect for bacterial growth. 

Synechocystis as a non-diazotrophic cyanobacterium is unable to fix atmospheric nitrogen. 

Therefore, it relies completely on the uptake of combined nitrogen sources, such as urea, nitrate or 

ammonium. Ammonium is the preferred nitrogen source and its uptake mainly depends on the 

ammonium permesase Amt1 (Muro-Pastor et al., 2005). Other nitrogen sources like nitrate or urea 

are taken up by different transport systems including ABC-Transporters like NrtABCD for 

Nitrate/nitrite or UrtABCDE for urea (Ohashi et al., 2011, Valladares et al., 2002). Once inside the 

cell, inorganic nitrogen sources need to be converted to ammonium, which is the required molecule 

for nitrogen assimilation. In most habitats, nitrate represents the most common and abundant 

nitrogen source. For its assimilation, nitrate is converted to nitrite via a nitrate reductase. 

Subsequently, nitrite is reduced to ammonium via a nitrite reductase. For these reactions, the 

nitrate and nitrite reductase require reduced ferredoxin, which is provided by the photosynthetic 

reactions. Hence, a close connection between nitrogen assimilation and photosynthesis has been 

suggested (Esteves-Ferreira et al., 2018). The generated ammonium is incorporated into the 

intracellular nitrogen metabolism via the GS/GOGAT (glutamin synthetase / glutamine oxoglutarate 

aminotransferase) cycle. In a first step, the GS catalyzes an amidation of glutamate to form 

glutamine, while hydrolyzing ATP to ADP. In the next step, GOGAT transfers an amino group from 

glutamine to 2-oxoglutarate, resulting in two molecules glutamate, where one molecule glutamate 

remains the cycle to regenerate glutamine.   

2.3.2 Chlorosis 

When certain macronutrients are unavailable, Synechocystis undergoes a transformation into a 

resting state, a process known as chlorosis (Collier and Grossman, 1992). This process is best 

understood for nitrogen starvation and was intensively investigated in the strain Synechococcus sp. 

PCC 7942(Görl et al., 1998, Sauer et al., 2001) and later in Synechocystis (Klotz et al., 2016). In the 

following, this process is further described at the example of nitrogen depleted conditions. During 

chlorosis, the cell division stops, and the cells transform into a resting state, in which they maintain 

only a basal metabolic activity. While being in this phase, the cells are enabled to survive longer 

periods of nutrient starvation (Schwarz and Forchhammer, 2005). The chlorosis can be subdivided 

into three different phases (Görl et al., 1998): 1) the degradation of phycobilisomes, 2) cells degrade 

also chlorophyll a and 3) the cells reach a resting state, in which they can survive for prolonged times 

(Figure 3).  
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Figure 3. Schematic illustration of the chlorosis and recovery process in Synechocystis sp. PCC 6803 (Klotz et 
al. 2016). Shown are a vegetative cell (left) and a chlorotic one (right). Chlorosis can be induced by nitrogen 
starvation, which initiatives a transformation into a resting state.  

At the beginning of chlorosis, the lack of nitrogen is detected via increased intracellular amounts of 

2-oxoglutarate, which indicates a high carbon to nitrogen level (Muro-Pastor et al., 2005). In 

cyanobacteria the PII signal transduction Protein regulates the global nitrogen transcription factor 

NtcA through binding to its co-activator PipX. Under nitrogen excess conditions the sequestration of 

PipX by PII leads to a decreased NtcA-PipX complex formation. Under nitrogen depleted conditions, 

indicated by a high 2-oxogluterate level, the complex formation of PipX and PII is impaired. Free 

PipX can bind NtcA and activate the NtcA-regulon. While NtcA controls various different genes 

associated with the nitrogen metabolism, it also activates the expression of the adaptor protein 

NblA. The latter attaches to light harvesting complexes  (phycobilisomes) and thereby initiatives 

their degradation (Karradt et al., 2008). Within a few days, the majority of the phycobilisomes are 

degraded, resulting in a strong decrease of photosynthetic activity of the cells. As a result of the 

degradation of photopigments, the color of the cultures change from green to yellow-green (Allen 

and Smith, 1969). Within the first day, the cells divide one last time, before they transition into a 

growth arrest. Besides the degradation of photopigments, the cells use the initial phase of chlorosis 

to build up intracellular carbon storage pools (glycogen). The synthesis peaks after two days and can 

reach amounts of up to ~40 % / cell dry weight (CDW) (Klotz and Forchhammer, 2017). In the second 

phase of chlorosis, the cells also degrade their remaining photopigments, mainly chlorophyll a. 

While doing so, the photosynthetic rate further decreases and the color of the culture changes to 

yellow-orange. At the same time, the synthesis of another biopolymer is initiated, 

polyhydroxybutyrate (PHB). In contrast to the glycogen accumulation, the PHB synthesis is 

significantly prolonged. The entire accumulation takes several weeks and reaches around 15 % / 
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CDW (Klotz et al., 2016). Finally, the cells reach the third and final phase of chlorosis. Here they 

perform only low level photosynthetic activity to keep the cells alive (Sauer et al., 2001). Regardless 

of the strong decay of metabolic activity, cells remain viable for long periods of time (Görl et al., 

1998). 

2.3.3 Resuscitation  

Even after long periods within a chlorotic state, Synechocystis is able to recover in a few days upon 

the addition of nitrogen (Figure 3). The resuscitation from nitrogen starvation is a genetically 

determined program, by which the cells recover their photosynthetic pigments and turn into 

vegetative cells (Klotz et al., 2016). The entire process takes approximately two days and can be 

divided into two phases (Sawers, 2016). In the first step, cells start to degrade their intracellular 

glycogen reservoirs (Doello et al., 2018, Klotz and Forchhammer, 2017). This process releases energy 

and carbon, by which the cells are able to build up their translational machinery, such as ribosomes. 

In the second phase, which starts around 12-16 hours after the addition of nitrogen, cells start to 

rebuild their photopigments. This allows the cells to change from respiration to photosynthetic 

metabolism. The process is completed after 48 hours, when the cells have regained full 

photosynthetic capacity and start to divide again. Within two days, the dormant cells have been 

completely transformed into vegetative cells.  

2.3.4 Sensing and regulation of nitrogen status via PII 

PII is a homotrimeric signal transduction protein, which is widely spread among all domains of life 

(Forchhammer and Luddecke, 2016). It is important for sensing and regulating the intracellular 

carbon and nitrogen status. In cyanobacteria PII binds competitively two adenyl-nucleotides, ATP 

and ADP, and can thereby sense the intracellular energy level. Furthermore, PII has the ability to 

bind 2-oxoglutarate, a key intermediate during the nitrogen assimilation process. Since 2-

oxoglutarte is part of the TCA cycle as well as the GS/GOGAT cycle, it directly links carbon and 

nitrogen metabolism. Hence, the interaction with 2-oxoglutarate allows PII to sense the intracellular 

nitrogen to carbon ratio. Besides binding different effector molecules and binding partners, the PII 

protein itself can also be post-translational modified. One well known modification of the 

cyanobacterial PII, is the phosphorylation of the Ser49, which occurs in dependence of nitrogen 

availability (Forchhammer and Tandeau de Marsac, 1995). Depending on these modifications, PII 

changes its interaction behavior with its binding partners.  

Based on the signals derived from metabolite binding and post translational modification, PII can 

interact with various interaction partners. For this purpose, PII exhibits a large surface-exposed T-

loop, which serves as an interaction module between PII and its binding partners. One example for 

potential interaction partners are nitrogen transporters / permeases, whereby PII could directly 

influence the uptake of different nitrogen sources. Furthermore, PII can also bind the small protein 

PipX. The latter is a co-activator of the global transcription factor NtcA, PII influences the regulation 

of genes related to the nitrogen metabolism (Espinosa et al., 2007). Finally, by interacting with the 

enzyme N-acetylglutamate kinase (NAGK), PII regulates the arginine biosynthesis (Fokina et al., 
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2010) and thereby indirectly the biosynthesis of cyanophycin, a nitrogen storage polymer (Watzer 

and Forchhammer, 2018). It was furthermore shown that PII is able to interact with enzymes 

involved in carbon metabolism, such as the biotin carboxyl carrier protein BCCP of the acetyl-CoA 

carboxylase (ACC) (Hauf et al., 2016) or the phosphoenolpyruvate carboxylase (PEPC) (Scholl et al., 

2020). This allows PII to directly influence the carbon flux within cyanobacterial cells. In summary, PII 

is able to regulate the carbon flux as well as the nitrogen metabolism. 

3. PHB 

3.1 Structure and physical properties  

Polyhydroxybutyrate (PHB) was already discovered in Bacillus megaterium in 1926 (Lemoigne, 

1926). PHB is composed of 3-hydroxy-butyrate monomers. This subunit has a simple structure, as it 

consists of the four carbon fatty acid butyrate with an hydroxy group at the third carbon atom. 

When several 3-hydroxybutyrate monomers are connected via an ester bond they form PHB 

(Jendrossek, 2009). The latter accumulates in the form of water insoluble inclusions within the cell. 

Contrary to a long-time belief, it was recently demonstrated that PHB granules do not contain 

phospholipids on their surface (Bresan et al., 2016). The general structure of PHB is shown in Figure 

4. 

 
Figure 4. General structure of PHA. Depending on the side chain R, several different types of PHA are formed. 
In the case of PHB, the side chain corresponds to a methyl group. The monomeric units (n) of PHAs are linked 
via an ester bond between the hydroxy- and the carboxyl groups, forming the respective PHA.   
Six decades after PHB was first discovered, in 1983 researchers showed that when grown on long 

octan, Pseudomonas oleovorans produces poly-beta-hydroxyoctanoate granules (de Smet et al., 

1983). This was the first time, that the microbial production of other polyhydroxyalkanoates (PHA) 

was discovered. PHAS are classified in three different groups, depending on the length of their side 

chain: short- (C3-C5), medium- (C6-C16) and long-chain-length PHA (scl, mcl and lcl, respectively) 

(Jendrossek, 2009). A selection of different PHA types is given in Figure 4.  

Production of PHA is described from representatives from all three kingdoms of life: archaea, 

bacteria and eukaryotes. Just recently it has been reported, that also eukaryotic algae can naturally 

produce PHB, namely Chlorella (Cassuriaga et al., 2018) and Botryococcus (Kavitha et al., 2016). 

However, PHA production is best characterized in bacteria, such as Pseudomonas putida (Timm and 

Steinbüchel, 1990), Cupriavidus necator (formerly known as Ralstonia eutropha) (Wilde, 1962), 

Bacillus megaterium (Griebel et al., 1968), Rhodococcus ruber (Haywood et al., 1991), Acinetobatcer 
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sp. (Schembri et al., 1995). Besides a few exceptions, mcl PHAs are mainly produced by fluorescent 

Pseudomonads strains such as P. putida (Prieto et al., 2007). Hence, PHB is by far the most common 

PHA variant. 

Due to its physical and chemical properties, PHB is often considered as a potential substitute for 

thermoplastic polymers, such as polypropylene. However, there are still strong differences 

compared to commonly used plastics. For example, its structure exhibits low elasticity but high 

rigidness, which are undesirable material properties for many applications (van der Walle et al., 

2001). However, these physical properties vary strongly among the different PHAs. Depending on 

the length of the side chains, the material becomes more elastic and less brittle with longer side 

chains. Additionally, alternative side chains, such as aromatic groups, can further alter the properties 

of the PHA (Ishii-Hyakutake et al., 2018, Ward and O'Connor, 2005). Finally, heteropolymers, such as 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) further increase the range of physical 

properties of PHA based polymers (Rivera-Briso and Serrano-Aroca, 2018). 

3.2 PHB biosynthesis 

PHB synthesis starts with acetyl-CoA monomers. In the first step, an acetyl-CoA acetyltransferase, 

termed PhaA, catalyses the condensation of two units of acetyl-CoA to acetoacetyl-CoA. In the next 

step, an acetoacetyl-CoA reducatase (PhaB), reduces acetoacetyl-CoA to 3-hydroxyacetly-CoA, 

while oxidizing one molecule of NADPH to NADP+. Finally, a PhaC polymerase connects a 3-

hydroxyacetly-CoA to an elongated PHB polymer (Figure 5).   

 
Figure 5. PHB synthesis pathway. Two units of acetyl-CoA are condensated to acetoacetyl-CoA via PhaA. 
Next, PhaB reduces it to 3-hydroxybutyryl-CoA. The latter serves as a monomer which gets polymerized to 
PHB by PhaC. 

 

On the basis of primary sequences, substrate specificity and subunit composition, different classes 

of PHB polymerases can be distinguished (Rehm, 2003). The first class of PhaC comprises 

polymerases, which are PhaC homodimers and are present for example in C. necator. Similarly, class 

II, which contains PhaC1 and PhaC2 synthases and is present in P. putida, form also homodimers. In 

contrast to that, class III comprises heterodimers, such as PhaC-PhaE in Synechcoystis sp. PCC 6803. 

Also class IV synthases, which are for example present in Bacillus sp., are composed of two subunits. 

However, in the case of class IV, heterodimeric polymerases are composed of PhaC and PhaR. A 
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main difference between these four classes is that only class II is able to produce mcl PHA, while all 

other classes produce predominantly scl PHA, such as PHB (Jendrossek, 2009). It is known that the 

presence of certain metabolites, such as acetyl-phosphate, can alter the activity of PHB polymerase 

(Miyake et al., 1997). 

The elongated polymer can subsequently be catabolized by PHA depolymerases, termed PhaZ. The 

latter can be either intra- or extracellular, depending on their purpose. In C. necator, there are seven 

different depolymerases annotated, indicating the importance of a regulated mobilization of PHB 

(Pohlmann et al., 2006).  

Besides the enzymes mentioned above, some bacteria (like P. putida) possess further enzymes, 

which enable them to convert additional substrates into PHA. One enzyme is PhaJ, which converts 

enoyl-CoA into R-3-hydroxyacly-CoA and thereby connects the fatty acid ß-oxidation with the PHA 

synthesis (Fukui et al., 1998). PhaG, another enzyme found in P. putida, converts acyl-ACP to (R)-3-

acyl-CoA and thereby links the fatty acid de novo synthesis to the PHA metabolism (Rehm et al., 

1998). The fatty acid and PHA pathways are further interconnected by enzymes, which catalyze 

reactions in both pathways. For example, the enzyme FabG, which is actually part of the fatty acid 

biosynthesis, can also catalyze the same function as PhaB, but with a lower catalytic efficiency 

(Zhang et al., 2017). A complete  model of the different pathways involved in the PHA metabolism is 

shown in Figure 6 (except the PHA depolymerization). 

 

 
Figure 6. PHA metabolism and different metabolic pathways (Koch and Forchhammer, 2020). Important 
enzymes are highlighted in red. Not shown is the PHA depolymerization, which is utilized by PhaZ. 
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With all those enzymes in place, the entire PHA cycle is complete and acetyl-CoA can be completely 

metabolized to PHA and back again. Interestingly, some studies suggest that there could be a 

constant carbon flow of PHA synthesis and degradation. This way the cells could ensure that the 

right metabolic intermediates are available and could adapt the cell to environmental conditions. It 

was shown that PHA synthase and depolymerase are active at the same time, further supporting the 

initial hypothesis (Arias et al., 2013). 

3.3 Proteins associated to PHB granules 

Despite the simple structure of PHB, its granules are much more complex than just an accumulated 

polymer.  Several proteins are located on the granule-surface or are involved in its metabolism and 

regulation. Due to this complexity, the name carbonosomes has been suggested to highlight that 

PHB granules are rather subcellular organelles and not just a prolonged chain of molecules 

(Jendrossek, 2009). In the following, the most important proteins, which are involved in PHB granule 

formation, maintenance and degradation, are described.  

Phasins are low-molecular-weight proteins, which are directly attached to the surface of PHB 

granules (Mezzina and Pettinari, 2016). They are very abundant and serve various different 

purposes, such as structural, biosynthetic, catabolic and regulatory functions. Often these phasins 

are the predominant protein covering large parts of the granule-surface, whereby they also shield 

the cytoplasm from the hydrophobic PHB surface. A representative of such phasins is PhaP from C. 

necator. Here, several different kinds of PhaP are present, which cover the surface of the PHB 

granules. The amount of PhaP is tightly regulated  and corresponds with the amount of intracellular 

PHB (York et al., 2001). A PhaP homologue was recently discovered in Synechocystis  (Hauf et al., 

2015). In P. putida, PhaF and PhaI are the main granule associated proteins (Prieto et al 1999).  

Besides just covering the granules surface, phasins exhibit further functions. For example, PhaF 

from P. putida organizes PHA granules along the long-axis of the cell and ensures equal granule 

sharing upon cell division (Galán et al., 2011).When PhaF is not present, cells still produce PHA, but 

the entire cell population divides into cells with and other without PHA. PhaF is present as a 

homomeric tetramer, where the monomers possess an N-terminal helix and a short leucine zipper, 

potentially used for protein-protein interaction (Maestro et al 2013). With its DNA binding domain, 

PhaF furthermore serves as a regulator of the pha genes (Galán et al., 2011). The protein PhaI shares 

large similarities with the N-terminal region of PhaF, but without the leucine zipper. Although PhaI 

can be partially substituted by PhaF, both enzymes together are essential for a proper PHA 

metabolism.  

Similarly to PhaF, in C. necator, PhaM has the function to bind to the PHB granulum as well as the 

DNA and thereby ensures equal distribution among the daughter cells. Additionally, PhaM activates 

the PHB synthase PhaC1 and thereby directly influences the PHB metabolism (Pfeiffer and 

Jendrossek, 2014). While PhaM regulates the PHB synthesis on the protein level, the regulators 

PhaR and PhaD regulate pha genes on a transcriptional level. In C. necator, PhaR binds upstream of 

phaP and thereby represses its transcription. Additionally, PhaR is also associated to PHB granules  
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(York et al., 2002). PhaD, on the other hand, serves as an activator in P. putida. Contrary to a long-

time belief, it was recently demonstrated that PHB granules do not contain phospholipids on their 

surface (Bresan et al., 2016). 

3.4 Physiological role of PHB in bacteria 

The ability to produce PHB is widespread among different organisms. A phylogenetic analysis found 

the presence of the phaC gene in organisms from 40 different genera and within a wide range of 

taxonomical groups, highlighting how abundant the ability to produce PHB is (Kalia et al., 2007). 

This also demonstrates, how different the organisms are, which produce PHB, indicating different 

physiological functions of PHB based on the environment of the individual organism.  

PHB are in general considered as carbon and energy storage, which are built up in time periods of 

carbon excess and which provide advantages in times of carbon shortage (Anderson and Dawes, 

1990). This long-time belief still holds true for many bacteria, although more and more other 

physiological functions are recently discovered. Also, for some bacteria like cyanobacteria, no 

physiological relevance of PHB was yet discovered. The most important roles of PHB are described 

in the following.  

In many organisms, PHB accumulates under conditions of nutrient limitation or unbalanced 

conditions, such as nitrogen limitation (Anderson and Dawes, 1990). However, there are also 

bacteria, like C. necator, which do accumulate PHB even during normal growth and under balanced 

conditions (Jendrossek and Pfeiffer, 2014). Nevertheless, the amount of accumulated PHB is usually 

higher when grown under nutrient limitation.  

Another important aspect of PHB, besides serving as a storage polymer, is the ability to increase 

resistance against various kinds of stress. In Azospirillum brasilense for example, PHB deficient 

strains are more susceptible against abiotic stresses, such as UV irradiation, heat, desiccation, 

osmotic pressure and osmotic shock (Kadouri et al., 2003). In Sinorhizobium strains, an induced PHB 

accumulation after exposure to high salt concentrations was observed (Arora et al., 2006). In 

Aeromonas hydrophila the production of a poly(3HB-co-3HHx) copolymers results in increased 

resistance against a wide variety of abiotic stresses, including UV irradiation, hydrogen-peroxide, 

ethanol, heat and cold treatments and high osmotic pressure (Zhao et al., 2007). Interestingly, a 

study investigating Pseudomonas oleovorans showed that even the deletion of the PHA 

depolymyerase PhaZ was sufficient to  increase the sensitivity towards hydrogen-peroxide and heat 

shock (Ruiz et al., 2004). This demonstrates that the entire PHB metabolism, including its 

mobilization, is important for providing stress tolerance to the PHB producing cells, rather than the 

sheer presence of the polymer (Castro-Sowinski et al., 2009). PHB was furthermore shown to 

increase the number of viable cells by protecting C. necator cells against cold stress (Nowroth et al., 

2016). Additionally, in Herbaspirillum seropedicae, studies demonstrated that PHB reduces 

intracellular redoxstress, potentially by eliminate a surplus of reducing equivalents and thereby 

serving as an electron sink (Batista et al., 2018). In a similar way PHB is used in Chromatium vinosum, 

although here it rather serves as an electron storage than a sink. This anoxygenic phototrophic 
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bacterium converts glycogen to PHB under dark, anaerobic conditions. This provides the strain with 

the advantage over other fermenting organisms, which commonly secrete their fermentation 

products and thereby loose carbon (van Gemerden, 1968). Another example of the role of PHB can 

be found in Bacillus cereus: this bacterium produces most PHB just before the formation of spores 

and degrades it after sporulation, indicating the importance of PHB for surviving their dormant state 

(Valappil et al., 2007, Castro-Sowinski et al., 2009). Several studies also found an interconnection 

between PHB production and the formation of EPS (exopolysaccharides). Sometimes a mutant with 

impaired PHB production resulted in a higher EPS production (Wang et al., 2008), while in other 

strains, a lower PHB production correlated with lower EPS production. In the latter case, the authors 

suggest that the increased EPS production is attributable to the intracellular mobilization of carbon 

sources (PHB) (Kadouri et al., 2003). 

Interestingly, PHB producing Azospirillum brasilense was able to endure long periods of starvation , 

but it also showed certain disadvantages compared to a PHB-free mutant, such as lower motility or 

impaired root adhesion and EPS production (Kadouri et al., 2002). This indicates that the ability to 

store PHB is not always an advantage but has to be balanced based on the environmental 

conditions. In a similar manner, Sinorhizobium bacteria were shown to use a bet-hedging strategy to 

produce offspring with higher or lower amounts of PHB. These offspring are better adapted for long 

or short period starvation, respectively (Ratcliff and Denison, 2010). 

Another interesting function of PHB could be the provision of nutrients to a microbial community 

(Prieto et al., 2016). When a PHB producer, which converts inorganic carbon to a condensed carbon 

polymer, is decomposed  for example by predatory bacteria, it releases its PHB granules to the 

environment (Jendrossek and Handrick, 2002). Thereby, the energy rich carbon polymer is made 

available to the microbial community. In coherence with this observation, most identified PHA 

depolymerases are those, which function extracellularly (Prieto et al., 2016). It was also shown, that 

predatory Bdellovibrio cells have a growth advantage when they were preying on PHA producing 

cells compared to a PHB-free mutant (Martínez et al., 2013). This further highlights the importance 

of PHB for the bacterial environment. 

 Since PHA producer, like some cyanobacterial strains, can convert inorganic carbon to an organic 

carbon polymer, degradation of these producer strains, for example by predatory bacteria, would 

release the granules into their environment. The released granules can then serve as potential 

substrate for other heterotrophic microorganisms (Jendrossek and Handrick, 2002). This fits well to 

the observation, that most identified PHA depolymerases are those, which function extracellularly 

(Prieto et al., 2016). It was also shown, that predatory Bdellovibrio cells have a growth advantage 

when they were preying on PHA producing cells compared to a PHB-free mutant (Martínez et al., 

2013). This further highlights the importance of PHB for the microbial community.  

Additional physiological functions of PHA in bacteria are summarized and further described in 

recent reviews (Castro-Sowinski et al., 2009, Obruca et al., 2020)  
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3.5 Physiological function in cyanobacteria 

A large group of PHB producer are cyanobacteria. In a recent study, 137 different cyanobacterial 

strains were investigated for their ability to produce PHB. Out of these 137, 134 were PHB producers 

(Kaewbai-Ngam et al., 2016). Interestingly, a phylogenetic analysis revealed, that the full set of 

functional phaABC genes appeared for the first time in cyanobacteria, indicating its importance for 

cyanobacterial growth (Kalia et al., 2007). Although PHB appears to be very common in the phylum 

cyanobacteria, its physiological function is yet undiscovered. In recent years, several groups have 

tried to answer this question, for example by comparing a PHB-free ΔphaEC strain to a PHB-

producing wildtype, the true function of PHB remains puzzling (Damrow et al., 2016, Klotz et al., 

2016). Cyanobacteria produce PHB mostly under unbalanced growth conditions, for example when 

they are grown in a medium lacking either nitrogen, phosphate or potassium (Kaewbai-Ngam et al., 

2016). Additional organic carbon sources, like acetate or fructose, can further increase the PHB 

production (Panda et al., 2006). PHB metabolism in cyanobacteria is best described during nitrogen 

starvation, which triggers a process called chlorosis (Koch et al., 2020, Troschl et al., 2017). PHB 

slowly accumulates during the course of several weeks; depending on the cyanobacterial strain, up 

to 25 % PHB per cell-dry-weight can be accumulated (Kaewbai-Ngam et al., 2016). PHB is 

commonly stored in a few granules, which are located in the middle of the cell (Hauf et al., 2015). 

Compared to other PHB producers, only relatively little is known about the proteins, which are 

involved in PHB metabolism. Although recently new proteins were found to play a role (for example 

the phasin PhaP) (Hauf et al., 2015), more proteins, like for example PHB degrading enzymes, are to 

be discovered. Most studies were performed in the strain Synechocystis, which serves as a well 

characterized model strain for cyanobacterial metabolism. In the following, the latest discoveries 

and hints towards PHB’s physiological role are summarized.  

3.5.1 The role of PHB during nutrient limitation 

Cyanobacteria are known for producing a variety of different storage compounds, such as glycogen, 

cyanophycin or polyphosphate. In contrast to the unknown function of PHB, the polymers glycogen 

and cyanophycin can clearly be linked to carbon and nitrogen storage metabolism, respectively 

(Doello et al., 2018, Watzer and Forchhammer, 2018). As previous studies have shown, glycogen is 

the main carbon- and energy storage compound under conditions of nutrient limitation (Klotz et al., 

2016, Doello et al., 2018) and its biosynthetic genes were found in all cyanobacterial genomes (Beck 

et al., 2012). It is remarkable that cyanobacteria produce two different carbon polymers, since most 

other microorganisms produce just one. This clearly indicates that the two carbon-polymers have 

different functions. Remarkable differences between PHB and glycogen are, that glycogen shows a 

higher solubility in water than PHB and that PHB forms much larger granules than glycogen. In 

contrast, glycogen shows a more complex branching pattern, making it potentially able to be 

sterically more condensed. It was already hypothesized, that the relatively small glycogen granules 

could serve as a quick-response carbon storage, due to its easier accessibility based on a larger 

surface to volume ratio, whereas PHB could instead form a long-term storage. However, under 
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conditions of nitrogen limitation, no physiological differences were ever discovered between WT 

and a PHB-free ΔphaEC mutant strain (Damrow et al., 2016).  

3.5.2 Potential role of PHB in controlling the redox state 

Besides conditions of nutrient limitation, glycogen is the essential energy and carbon storage during 

dark phases, where no photosynthesis can take place. Excess of energy gets stored in the form of 

glycogen during the day, while during the night, the polymer can be degraded during the night and 

generate energy and carbon to sustain the cyanobacterial metabolism. Although no studies so far 

have shown a PHB accumulation during conditions of balanced growth, there are several indicators 

that PHB might play a role during dark phases. Transcriptomic data from several studies have shown 

very clearly, that all PHB related genes are strongly upregulated at the beginning of the night and 

downregulated during the day (Saha et al., 2016, Kucho et al., 2005). It was furthermore shown, that 

PHB related genes are strictly controlled by the circadian clock (Köbler et al., 2018). Interestingly, 

the transcripts for PHB synthesis are countercyclically regulated to those of the glycogen 

metabolism. While the transcripts for glycogen synthesis are upregulated during the beginning of 

the day and downregulated during the beginning of the night, the PHB synthesizing genes are 

regulated in the exact opposite. This hints towards a conversion of both metabolites into each other. 

However, also during growth night, a PHB free mutant shows no growth phenotype, while the 

growth of glycogen free mutants is severely impaired (Damrow et al., 2016).  

Fitting to these observations, PHB was already in the past considered to play a role as a potential 

electron sink, whereby PHB could store excess of electrons, since the formation of one PHB subunit 

requires one NADPH (De Philippis et al., 1992). This hypothesis, that PHB formation in 

cyanobacteria is involved in redox homeostasis, was further corroborated in studies by Schlebusch 

and Forchhammer (2010) and Hauf et al., (2013). A Synechocystis mutant, unable to accumulate PHB 

during nitrogen starvation, was characterized in detail (Schlebusch and Forchhammer, 2010). In this 

mutant, the gene sll0783, which belongs to the most strongly induced genes during nitrogen 

starvation, was knocked out. This gene is the first gene of the Nit1C operon, a highly conversed gene 

cluster present in cyanobacteria and many other bacterial species (including proteobacteria and 

actinobacteria), enabling the utilization of cyanide (Jones et al., 2018). Many heterotrophic bacteria 

possessing this gene cluster are able to produce PHB and to fix nitrogen. Since the entire operon 

was highly upregulated in Synechocystis during nitrogen starvation, a role during nitrogen-chlorosis 

was suspected. Further analysis revealed, that the Δsll0783 mutant showed a strong decrease in its 

PHB synthase activity (Schlebusch and Forchhammer, 2010). Induction of expression of the PHB 

synthesis genes (phaAB and phaEC) was delayed as compared to the WT. However, in contrast to the 

expression of the phaCE genes, the activity of PHB synthase decayed in the mutant following an 

initial transient increase. Interestingly, the Δsll0783 mutant showed an impairment in its recovery 

from nitrogen starvation, which implied that that this could be due to decreased amounts of PHB in 

the sll0783 mutant. However, subsequent work showed that the ability to produce PHB per se is not 

relevant for resuscitation from nitrogen starvation (Damrow et al., 2016, Klotz et al., 2016). The 

inability of the Δsll0783 mutant to sustain PHB synthesis could finally be attributed to the redox-



V. Introduction 

29 
 

state of the cells: during nitrogen-starvation, the NADPH/NADP+ ratio steadily increased in wild-

type cells, whereas in the Δsll0783 mutant it remained constant. Treatment of the mutant cells with 

the protonophore CCCP or the ATPase inhibitor DCCD restored PHB synthase activity and PHB 

synthesis due to a compensatory increase in the NADPH/NADP+ ratio (Hauf et al., 2013). Inhibition in 

ATP synthesis arrests anabolic reactions that consume NADPH. This highlights that the increased 

levels of NADPH trigger synthesis of PHB. Hence, the formation of PHB would be particularly 

beneficial whenever a surplus of NADPH cannot be metabolized, for example because respiration is 

not possible and anaerobic processes are required. In this scenario, PHB would serve as an 

intracellular electron sink with the advantage to sustain all intracellular carbon, instead of secreting 

it like other fermentation products, such as acetate. Since this is advantageous under conditions of 

electron excess, such as anaerobic growth, the EMP pathway is also the most relevant during 

fermentation processes (Stal and Moezelaar, 1997).  

Another role of PHB could be a storage to prevent intracellular acidification: it was shown that a 

PHB free C. necator secretes pyruvate into its medium (Raberg et al., 2014). This fits to a previous 

observation, where Synechocystis mutants unable to synthesize glycogen secrete pyruvate and 2-

oxoglutarate under conditions of carbon excess such as growth with additional glucose or during 

nitrogen starvation (Grundel et al., 2012). Here the authors argue that it is extremely important for 

the cells to have a carbon sink to control their carbon homeostasis or to avoid energy spilling. 

Potentially PHB could here serve as an additional buffer for storing excess carbon, particularly 

because it is metabolically closer to pyruvate than glycogen. However, in contrast to the glycogen-

deficient mutants, no studies have reported secreted organic acids in the supernatant of a PHB-free 

mutant. To further investigate this, future studies should investigate secreted metabolites under 

different growth conditions in a ΔphaEC mutant and compare it to a WT. 

Interestingly, it was shown that the formation of PHB sometimes shows a phenotypical 

heterogeneity. This indicates that the formation of PHB is not always beneficial, but rather a bet-

hedging strategy of the cells to be prepared for different potential outcomes (Ratcliff and Denison, 

2010). This further highlights that the ability to possess PHB might be relevant under only very 

specific scenarios, hence making the physiological function hard to discover.  

3.6 Biotechnological applications 

Nowadays, most industrially produced PHB comes from heterotrophic bacteria, like C. necator. This 

organism comes with many advantages, as it is fast growing and shows high accumulation of PHB 

(~90% / CDW) (Anderson and Dawes, 1990). However, one of its limitations is the organic carbon 

source, which C. necator requires for high PHB accumulation (Reis et al., 2003, Mudliar et al., 2007). 

Additionally, these organic carbon sources are usually produced from plants like maize, which 

requires valuable cropland. Especially in the future, when the degradation of arable farmland is 

progressing due to climate change, using food crops for the production of plastics would become 

more of an ethical problem (Harding et al., 2007, Issa et al., 2019, Posen et al., 2016). Hence, a more 

sustainable way of producing PHB, especially on a large scale, is urgently needed. As cyanobacteria 
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could be helpful organisms to achieve this goal, their potential and obstacles for an industrial 

production of PHB are described in the following sub-chapters.  

3.7 Genetical engineering of cyanobacteria for PHB production 

Besides introducing pathways to provide more PHB precursors, several other strategies have been 

applied to genetically alter Synechocystis. Detailed lists about created strains and their produced 

yield have been previously reviewed in several publications (Kamravamanesh et al., 2018b, Singh 

and Mallick, 2017, Vieira et al., 2018).  

The most common approach was to overexpress native or heterologous PHB synthesis genes 

(Khetkorn et al., 2016, Hondo et al., 2015, Takahashi et al., 1998, Sudesh et al., 2002). Often the 

genes phaABC of C. necator were used, since this species can natively reach values of up to 80% PHB 

/ CDW. These genes were then coupled to strong promotors, like psbA2, which originally sits in front 

of the gene which encodes for the D1 protein of the Photosystem II and shows very high expression 

levels (Khetkorn et al., 2016, Englund et al., 2016).  

Another interesting approach has been suggested by Osanai et al., when they overexpressed the 

response regulator rre37 (Osanai et al., 2014). This caused an acceleration of the glycogen 

catabolism. As shown recently, the intracellular pools of PHB and glycogen are connected 

(Velmurugan and Incharoensakdi, 2018). Hence, a degradation of the latter causes an increase of the 

former. A similar effect was observed when the sigma factor sigE was overexpressed (Osanai et al., 

2013). Again, an increase of glycogen degradation and PHB synthesis genes was observed, leading 

to higher overall values of PHB. However, the effects of upregulated glycogen/PHB metabolism 

genes appeared to be rather transient, since they are changing during the course of chlorosis 

(Nakaya et al., 2015).  

With the emergence of new technologies, genetic alterations could be achieved even faster. The 

discovery of CRISPR Cas allows markerless genome editing (Wendt et al., 2016), while CRISPRi 

allows to specifically tune down the gene expression (Yao et al., 2016b). However, the efficiency of 

this relatively new technique has to be further optimized (Behler et al., 2018, Ungerer and Pakrasi, 

2016).  

Some of the highest intracellular PHB values have been achieved in a random mutagenesis 

approach. By applying UV light, random mutations were introduced,  which were then screened for 

strains with high PHB production rates (Kamrava et al., 2018). In one of these screenings, a mutant 

was discovered which produces 2.5 times more PHB compared to the WT.   
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4. Research questions 

The ability to produce PHB is widespread among different forms of life. Particularly, a wide range of 

bacteria produce PHB and its derivatives for various reasons. At the same time, PHB is of high 

biotechnological relevance, due to its similar properties to conventionally used plastics. Therefore, 

gaining deeper insights into PHB metabolism is of high relevance for basic- as well as for applied 

research. The following research questions were investigated in this work: 

1. PHB is particularly common among organisms belonging to the phylum cyanobacteria. 

Despite its abundancy, its physiological function in cyanobacteria remain unknown 

(Damrow et al., 2016). Furthermore, only very little knowledge is available about which 

conditions influence PHB formation. 

2. The enzymes involved in the biosynthesis of PHB were discovered long ago. However, in the 

recent years it became clear, that PHB granules are highly structured organelles 

(“carbonosomes”). Although the metabolism is intensively studied in organisms like C. 

necator, only very little knowledge is available about how PHB is metabolized in 

cyanobacteria. This involves fundamental questions such as where the carbon, which is the 

most important element in PHB, is derived from. Recent 13C analyses have only revealed 

that the carbon present in PHB is based on intracellular recycling (Dutt and Srivastava, 

2018), but it remained unclear, from where within the cell the carbon is derived.  

3. Furthermore, gaining deeper insights into which carbon pathways are involved in the PHB 

metabolism might elucidate more knowledge about its physiological function.  

4. So far, only very few proteins involved in the PHB formation and degradation are known in 

cyanobacteria. Foremost, the PHB depolymerase, an essential enzyme for PHB 

mobilization, has not yet been found. Additionally, only one phasin, PhaP, has recently been 

discovered (Hauf et al., 2015). It is very likely that, like in other bacteria, more proteins and 

phasins are involved in the PHB metabolism.  

5. So far, the distribution of PHB within a homogeneous culture has not been investigated. 

6. As mentioned before, PHB has been in the focus of biotechnological industry for years, due 

to its good material properties as well as its biodegradability. However, PHB is usually 

produced from heterotrophic organisms, requiring an organic carbon source for the 

production. One great advantage of the natural PHB producer Synechocystis is that its 

photosynthesis enables it to produce PHB carbon neutral by fixing the CO2 required for the 

PHB synthesis directly from the atmosphere. However, so far, the market potential of 

cyanobacterial PHB is still rather limited, especially due to low prediction yields. Although 

several groups tried to further increase the amount of accumulated PHB, most of them 

barely increased the intracellular contents. Hence, creating PHB overproduction strains 

would be desirable.  
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1. The physiological role of PHB 

The presence of PHB in cyanobacteria is known for a long time (Carr, 1966) and it is very abundant 

among various cyanobacterial species (Kaewbai-Ngam et al., 2016). However, only little is known 

about the physiological role of PHB in cyanobacteria, as well as the conditions which influence the 

formation of PHB.  

1.1 Heterogeneity 

One interesting phenomenon about the PHB formation is the unequal distribution of granules per 

cell. When a population of nitrogen starved Synechocystis cells is investigated under a microscope, a 

strong heterogeneity in the amount of PHB granules per cell can be observed (Figure 7 A). To further 

investigate this phenomenon, we analyzed the intracellular PHB content of individual cells within a 

Synechocystis cultures applying flow-cytometry (FC). For this, intracellular PHB granules were 

stained via a fluorescent dye (Bodipy) to detect the granules with FC. Interestingly, the FC analysis 

revealed that there is no Gauss distribution of PHB within the cells. Instead, most cells contained 

mediocre amounts of PHB, while a smaller part of the population accumulated larger quantities 

(Figure 7 B).  

 

 
Figure 7. Heterogeneity in PHB content among nitrogen starved Synechocystis cells. (A) Analysis via 
fluorescence microscopy of cells which were starved from nitrogen for 14 days. The PHB granules were stained 
with Nile red to visualize them. (B) Flow-cytometry analysis of intracellular PHB content in Synechocystis cells 
stained with bodipy. The y axis shows the number of cells, while the x axis shows Nile red fluorescence to 
indicate PHB content. Blue curve: Synechocystis WT cells. Grey curve: unstained WT cells. Red: Stained 
ΔphaEC mutant (PHB-free) cells (Publication 5). 

To test whether this distribution was based on an inheritable effect, chlorotic cells were separated 

into two groups (low and high PHB producer) based on their PHB content, by applying a 

fluorescence-activated cell sorter (FACS). The results showed that cells from both groups 

established the same distribution pattern as in the initial experiment (Figure 7 B, Publication 5 

Figure 7) . This demonstrates that the decision, if a cell becomes a low- or high-PHB-producer, does 

not depend on a heritable trait, but much rather on a probabilistic genetic program. Similar bet-
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hedging strategies have already been observed in other PHB producers before (Ratcliff and Denison, 

2010). The results indicate that the PHB production is only relevant under specialized conditions, 

since only a small fraction of the entire population exhibited a high PHB content.  

1.2 Conditions affecting PHB synthesis 

In order to gain deeper insights into the conditions, under which PHB has a physiological relevance, 

nitrogen starved Synechocystis cells were cultivated under different growth conditions. As a control, 

a PHB free ΔphaEC mutant was grown under the same conditions.  

In confirmation with previous studies, the results show that PHB has no impact on the ability to 

survive and resuscitate from nitrogen starvation (Publication 5, Figure 3). This was demonstrated by 

monitoring the reappearance of photosynthetic pigments as well as the photosynthetic activity of 

photosystem II. In both cases, no difference between the WT and the ΔphaEC mutant were 

observed. To see how different cultivation conditions influence the PHB production, nitrogen 

starved cells were cultivated at different aeration and illumination (Publication 5, Figure 1). Here it 

became apparent that growth under dark/light regime intensified the PHB production, while an 

impaired gas exchange (caused by a non-shaking treatment) reduced the PHB production.  

When the same set of cultivation conditions were applied to nitrogen starved mutants of the central 

carbon metabolism (lacking either the EMP pathway or the OPP pathway, Δpfk or Δzwf, 

respectively), it became clear that the EMP pathway is the most relevant for the formation of PHB, 

while the OPP plays only a minor role (Publication 5, Figure 2).  

Finally, several abiotic stress conditions were applied to nitrogen starved chlorotic WT cells and their 

viability was compared to a ΔphaEC mutant. Although more than 30 different conditions were 

tested (including different temperatures, salt concentrations etc.), under none of them the PHB 

containing WT showed a growth advantage compared to the PHB free ΔphaEC mutant (Publication 

5, Table 1). This indicates that the conditions, under which PHB-containing cells exhibit a growth 

advantage over non-PHB producers, have still to be found.  

1.3 Additional results: ΔphaEC mutant characterization 

To find conditions, where the ability to produce PHB is advantageous, the differences between WT 

and ΔphaEC were further characterized under a variety of cultivation conditions. In order to see, if 

there are differences during vegetative growth, the combination of four different parameters were 

compared: growth at continuous light or growth during dark/light regime, as well as growth during 

continuous shaking or growth in a standing flask. Over the course of four days, OD750 was 

monitored. While both strains grew comparably under most conditions, strong differences were 

observed during standing+day/night rhythm conditions. Here, the growth of the ΔphaEC mutant 

strain was drastically impaired compared to the WT (Figure 8).  



VI. Results 

38 
 

 
Figure 8. Growth curves of vegetative Synechocystis WT and ΔphaEC mutant cultures under different growth 
conditions. Top row: continuous shaking. Bottom row: standing. Left column: continuous illumination. Right 
column: 12/12 hour dark/light cycles. Each point represents a mean of three independent biological replicates. 

The results showed that the combination of both, dark phases and limitation of gas-exchange, 

caused a growth deficiency in the ΔphaEC strain, although growth occurred in BG11 medium with all 

nutrients provided. To further understand what limits the growth of the ΔphaEC strain during the 

standing/light-dark conditions, further experiments were performed. For this, all following 

experiments were performed under the same standing and dark/light conditions as the experiment 

shown in Figure 8.  

To validate if limited supply CO2 was the cause for the impaired growth, WT and ΔphaEC cells were 

grown in BG11 medium, which was supplemented with 100 mM NaHCO3 (Figure 9 A). However, the 

additional carbon source could not restore the mutant’s phenotype, suggesting that carbon appears 

not to be the limiting factor.  
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Figure 9. Growth comparison between WT and ΔphaEC strain under different growth conditions. All cultures 
were incubated at standing conditions and dark/light regime. (A) Cultures were grown with 100 mM 
bicarbonate (dotted line) or without (solid line). (B) Different culture volumes were used and incubated in 
identical containers (25 ml Erlenmeyer flask) to simulate different water columns. Each point represents a 
mean of three independent biological replicates. 

To test, whether a larger water column above the standing cells could intensify the limitation of gas 

exchange, cells were grown in different culture volumes. Additionally to the original conditions, cells 

were grown in 10, 15 and 25 ml medium. However, a higher water column decreased the growth 

rates of both, the WT and the ΔphaEC strain. Hence, the largest difference was observed at growth 

in 10 ml medium, since the WT grew relatively fast under these conditions (Figure 9 B). 

Besides CO2, the other major gas which is relevant for cyanobacterial growth is oxygen, particularly 

when cultivated in dark phases, where cells perform respiration. To see if the oxygen availability was 

sinking to a level, where anaerobic conditions occur, the oxygen levels within standing WT and 

ΔphaEC cultures were monitored online over several consecutive days. To finally test, how the 

oxygen levels change during prolonged phases of darkness, the cells were kept in the dark for the 

last two days at the end of the experiment (Figure 10).  
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Figure 10. Oxygen measurements of standing WT and ΔphaEC cultures at 12/12 hours dark/light regime. The 
measurement was started at the beginning of the night. Solid vertical lines indicate the beginning of the light 
phase, while dotted lines show the start of the dark phases. After 72 hours, the cells were kept in the dark. 
Oxygen was detected via an oxygen sensor placed at the bottom of the incubation flask. The equilibrium level 
was determined at~390µmol/l. 

Although the oxygen levels never reached fully anoxic conditions, during dark phases they were 

diminished to ~80 % of the equilibrium levels. Interestingly, the ΔphaEC strain showed a slightly 

different oxygen production and consumption pattern compared to the WT. During the day, the 

ΔphaEC strain produced less oxygen and in a more fluctuating way, while during the night the 

mutant strain consumed the oxygen more rapidly. During the prolonged dark phases at the end of 

the experiment, both strains still consumed small amounts of oxygen, which matched the circadian 

rhythm.  

To test if PHB could play a role in buffering excess electrons or reducing redox stress caused by 

reactive oxygen species, WT and ΔphaEC strains were grown under conditions of different light 

intensities. Under low light (10 µE), the WT strain grew only slightly faster than the mutant strain. 

Interestingly, under high light conditions (70 µE), the ΔphaEC strain grew slower than under low 

light, while the growth rate of the WT drastically increased (Figure 11 A).  
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Figure 11. Effect of different light intensities on growth and redox stress of WT and ΔphaEC cultures. All 
cultures were cultivated at dark/light regime. (A) Growth curve of standing cultures cultivated at low light (10 
µE) and high light (70 µE). (B) Intracellular accumulation of MDA (malondialdehyde), a lipid peroxidation 
marker. Samples were taken from cultures which were either standing or shaken. HL = high light, 70 µE; LL = 
low light, 10 µE.   

During incubation at high light, the occurrence of ROS (radical oxygen species) is increased. To test 

how different illumination influence the creation of ROS within WT and ΔphaEC cultures, the 

intracellular amount of MDA (malondialdehyde) was measured (Figure 11 B). MDA serves as a 

marker for lipid peroxidation, which are caused by intracellular redox species. The MDA content was 

measured under different light intensities and aeration conditions. In these experiments, the overall 

amounts of MDA were lower in cultures, which were shaken compared to standing cultures. 

Furthermore, the ΔphaEC strain always exhibited higher MDA levels than the WT, indicating 

increased levels of redox stress.  

To validate that the observed phenotypes are directly caused by the absence of the phaEC genes, 

the mutant was complemented with the phaEC operon on a plasmid. Furthermore, the ΔphaEC 

deletion was also introduced to a different background (a glucose tolerant (GT) WT strain). All strains 

were grown under standing and dark/light conditions.    

 

 
Figure 12. Growth curves of different strains at standing, dark/light conditions. Each point represents a mean 
of three independent biological replicates. 

Surprisingly, the complementation was unable to recover the WT phenotype and the complemented 

strain still showed an impaired-growth phenotype. Although microscopic analysis revealed that the 

complemented strain regained its ability to produce PHB, the impaired growth phenotype 
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remained. This could be explained by the design of the mutant strains: While the ΔphaEC strain 

lacked the entire annotated transcriptional unit TU946, the complementation reintroduced only 

both deleted genes, slr1829 and slr1830. In addition to these two genes, the TU946 harbors a 

downstream sequence of several hundred basepairs, which overlap with a gene of unknown 

function on the antisense DNA strand (sll1736). Bioinformatic analysis revealed, that the gene 

product of sll1736 could serve as a protein, which is relevant for the respiratory chain. Furthermore, 

when the ΔphaEC mutation was introduced in the GT background, no impaired growth was 

observed.  

 

2. PHB metabolism in Synechocystis 

2.1 PHB is derived from intracellular glycogen pools 

Despite the growing interest in cyanobacterial PHB, only very little knowledge is available about 

molecular details of PHB metabolism. One open question is where the carbon required for PHB 

formation is derived from. While it is known, that most of it comes from intracellular sources (Dutt 

and Srivastava, 2018), its exact origin remained puzzling. To test whether the intracellular glycogen 

and PHB pools are interconnected, enzymes involved in the glycogen synthesis were deleted 

(Publication 1). The resulting strains (ΔglgA1, ΔglgA2 and ΔglgC) were analyzed for their intracellular 

glycogen and PHB accumulation during three weeks of nitrogen starvation. The experiments 

revealed that two strains (ΔglgA2 and ΔglgC) showed only mild decreases in their intracellular PHB 

production. The ΔglgA1 strain on the other hand exhibited drastically decreased PHB levels 

(Publication 1, Figure 3).  

In another experiment, strains which were impaired in the degradation of glycogen (strains (ΔglgP1, 

ΔglgP2 and the double knockout strain ΔglgP1/2) were also investigated (Figure 13). Similar to the 

glycogen synthase mutants ΔglgA1 and ΔglgA2, only one of the two glycogen phosphorylase strains 

showed a difference compared to the WT. In this case, the ΔglgP2 produced drastically less PHB, 

which was also the case for the double knockout strain ΔglgP1/P2. Furthermore, these two strains 

showed also a decelerated glycogen mobilization over the course of the chlorosis (Figure 13).  
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Figure 13. PHB content in percentage of cell dry weight (CDW) (A) and glycogen content (B) of mutants 
impaired in the glycogen degradation. Cultures were shifted to nitrogen free medium at day 0 and were 
subsequently cultivated for 21 days. Each point represents a mean of three independent biological replicates 
(Publication 1). 

2.2 The EMP pathway is the most relevant pathway for PHB production 

To identify the relevance of the three main carbon catabolic pathways for PHB production during 

chlorosis, knockout strains of the EMP, the ED and the OPP pathway were investigated (Δpfk, Δeda 

and Δgnd, respectively) (Publication 1, Figure 6). It turned out, that the Δeda strain produced similar 

amounts of PHB as the WT, while the Δgnd strain produced slightly less. Most strikingly, the Δpfk 

strain showed a drastic reduction in its PHB production, suggestion an important role of the EMP 

pathway for the PHB metabolism.  

2.3 Slr0058 is a new regulator of PHB granule number 

Compared to other PHB producing bacteria, such as C. necator, relatively little is known about the 

cyanobacterial proteins which are involved in the PHB metabolism. Besides the enzymes, which are 

directly involved in the PHB production (PhaABEC), only one more phasin, PhaP, is known. 

Bioinformatic analyses were performed to identify further genes, which are putatively involved in 

PHB metabolism. It turned out that one operon, containing the genes slr0058-slr0061, harbors two 

genes, which show similarities to known PHB-related proteins. The gene product of slr0058 shows 

structural similarities to a motive found in PhaF, a phasin known from P. putida. Furthermore, the 

protein Slr0060 shows similarities to an esterase (patatin-like phospholipase family), indicating a 

potential function as a putative PHB depolymerase (Sznajder et al., 2015).  

To further investigate the function of these genes, knockout strains of both genes were generated 

and fully characterized (Δslr0058 and Δslr0060, respectively). During vegetative growth, chlorosis 

and resuscitation, no distinct differences were observed between the WT and Δslr0060. Δslr0058 on 

the other hand showed a change in pigmentation during vegetative growth as well as during 

chlorosis (more blueish or paler than the WT, respectively) (Publication 4, Figure 3 A + B). 

Interestingly, the Δslr0058 mutant produced small amounts of PHB during vegetative growth (up to 
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2 %), which could further be linked to decreased growth rate of this mutant. Most strikingly, 

Δslr0058 cells accumulated much more PHB granules during chlorosis, more than twice as much 

compared to the WT (Figure 14). At the same time, the overall amount of produced PHB remained 

similar to the WT. Studies with fluorescently labeled proteins could not show a direct co-localization 

of Slr0058 to the PHB granules. Instead, Slr0058 aggregated in a small number of foci during 

vegetative growth, which disappeared during the course of chlorosis.  

 

 
Figure 14. Phenotypical analysis of WT, Δslr0058 and Δslr0060 during chlorosis. (A) Accumulation of PHB per 
cell dry weight (CDW) during 21 days of chlorosis. (B) Accumulation of glycogen normalized to OD750 during 21 
days of chlorosis. Each point represents a mean of three independent biological replicates. (C) 3-D 
deconvoluted microscopic images of 21-day nitrogen depleted cultures of all three strains. The cells were 
stained with Nile red to visualize PHB granules. From left to right: image of the phase contrast channel; image 
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of the Cy3 channel with Nile-red stained PHB granules; overlay of both channels. (D) Box plot of the granule 
number per cell at different time points of chlorosis. Each time point represents the count of 70 cells in three 
independent cultures. The line within the boxes represents the median. (E–G) Electron microscopic pictures of 
WT (E), Δslr0058 (F), and Δslr0060 (G) cells after 17 days of nitrogen starvation. PHB granules are visible as 
white inclusions inside the cell (Publication 4). 

3. Metabolic engineering for PHB overproducers  

Today, due to a huge environmental plastic pollution, a growing interest in the production of 

biodegradable plastics has developed. Synechocystis could serve as a potential production host for 

biodegradable PHB, particularly because of its carbon neutral lifestyle. However, Synechocystis 

naturally produces only small amounts of intracellular PHB. Hence, overproduction strains ought to 

be developed.  

3.1 Sll0944 is causing metabolic flow towards PHB 

In a recent transcriptomic analysis, the gene sll0944 has been discovered as one of the strongest up-

regulated genes during nitrogen starvation in Synechocystis (Klotz et al., 2016). Bioinformatic 

analysis did not reveal any known homologues. Interestingly, the gene product of sll0944 was found 

to be an interaction partner of PII, a central regulatory protein in cyanobacteria. It was furthermore 

confirmed that Sll0944 has the ability to bind the enzyme phosphoglycerate mutase (PGAM) 

(Publication 6). The latter has an important regulatory function in the central metabolism, as it 

converts glycerate-3P to glycerate-2P. This reaction marks an important branching point, as it 

connects metabolites coming from either the upper glycolysis or the CBB cycle to the lower 

glycolysis. The newly formed glycerate-3P marks the first stable product from the RuBisCO, which 

can be either used for the gluconeogenesis or catabolized in the lower glycolysis. Interestingly, a 

sll0944 deletion mutant (Δsll0944) showed a rapid degradation of its glycogen pool during nitrogen 

starvation. Simultaneously, a strong increase of its intracellular PHB pools occurred (Figure 15).  

 

Figure 15. PHB content in percentage of cell dry weight (CDW) in WT and Δsll0944 cultures at (A) dark/light 
regime or (B) continuous light. Cultures were shifted to nitrogen free medium at day 0 and were subsequently 
cultivated for 28 or 35 days, respectively. Each point represents a mean of three independent biological 
replicates. 
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While the Δsll0944 mutant produced around 30 % PHB / CDW when cultivated at continuous light, 

the accumulation went up to more than 40 % PHB / CDW in case of dark/light regimes. The WT 

produced roughly half of these amounts under the same conditions.  

3.2 Overproducer strain PPT1  

It was previously shown, that the intracellular PHB accumulation in Synechocystis can be increased 

by the overexpression of the biosynthetic genes phaAB (Khetkorn et al., 2016). To combine this 

effect with the phenotype of the Δsll0944 mutant, the genes phaAB of the strain C. necator were 

cloned on a heterologous pVZ322 plasmid under the regime of a strong psbA2 promotor. By 

introducing this plasmid into the Δsll0944 mutant, the new strain Δsll0944REphaAB was created. 

For simplifications, this strain was termed “PPT1” (for “PHB Producer Tübingen 1”).  

When vegetative growth was compared between the Synechocystis WT and PPT1, no differences 

were observed, neither during continuous light, dark/light regime, in liquid cultures nor on solid agar 

plates. During exponential growth, PPT1 produced minor amounts of PHB (~ 0.4 % / CDW). When 

cultivated for three weeks under conditions of nitrogen starvation and dark/light regime, PPT1 

produced 45 % PHB / CDW, which was more than strains harboring the individual mutations 

produced at the same time (Δsll0944 and REphaAB contained 32 % and 31 %, respectively). While 

PPT1 produced similar amounts of PHB during continuous light (48 % PHB / CDW), its initial 

production rates were lower. Hence, the subsequent experiments were performed with incubation 

at dark/light regime. To test how the medium composition influences the PHB production, WT and 

PPT1 were cultivated in medium lacking either sulphur, phosphorus or nitrogen and phosphorus 

combined. While the first two media resulted in only low accumulations of PHB, the combined 

nitrogen/phosphorus free medium produced 63 % PHB / CDW. When additional NaHCO3 was added 

to the nitrogen/phosphorus free medium, the maximum reached PHB values were similar, but the 

initial production rates went up to 46 % PHB / CDW after one week. When instead 10 mM acetate 

were added, the overall values further increased to 81 % PHB / CDW (Figure 16). A qualitative 

analysis of the accumulated PHB revealed that the polymers consists of only PHB and no other PHA.  

 
Figure 16. PPT1 cells after 21 days of nitrogen-phosphorus-starvation with 10 mM acetate grown under 
alternating light/dark regime. Left: Fluorescence microscopic picture. PHB granules are visualized as red 
inclusions after staining with Nile red. Top row: TEM images of cells harbouring large PHB granules. Bottom 
row: cells exhibiting a fractured cell wall. Right: overview of multiple cells. 
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3.3 Additional research: creation and characterization of overproduction strains  

3.3.1 Cyanophycin production in the Δsll0944 mutant   

When the PPT1 strain was cultivated in phosphorus free medium, it accumulated large intracellular 

granules (Figure 17). These granules were not stainable with Nile red or Bodipy, indicating an 

absence of a hydrophobic surface like is known from PHB.  

 

 
Figure 17. Fluorescence microscopic pictures of WT and PPT1 cells after 12 days of phosphorus starvation. 
Cells are stained with Nile red to visualize PHB granules. Pictures shown are an overlay of phase contrast and 
Cy3 fluorescence channel.  

Since the granules were too large for being glycogen, it has been hypothesized that it could be 

cyanophycin instead. To verify this, the amount of intracellular PHB and cyanophycin was 

determined in the WT, Δsll0944 and PPT1 strains after 12 days of incubation in phosphorus free 

medium at dark/light regime (Figure 18).  

 
Figure 18. Quantification of the biopolymers cyanophycin and PHB in percentage of cell dry weight (CDW). 
Cells were incubated for 12 days at dark/light regime in a phosphorus depleted medium.  

While the WT produced small amounts of both, PHB and cyanophycin (5 and 2 % /CDW, respectively), the 
Δsll0944 mutant accumulated similar amounts of PHB, but drastically increased amounts of cyanophycin (15 
% / CDW). In contrast, the PPT1 strain produced much less cyanophycin, but more PHB instead.  
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To validate these results, the same cells, which were used for the previous experiment, were stained 

via the Sakaguchi method, which stains cyanophycin granules. Here, the previous observation was 

confirmed, as it showed that the WT and PPT1 produced only small amounts of cyanophycin, while 

the Δsll0944 mutant accumulated large quantities (Figure 19).  

 
Figure 19. Synechocystis cultures stained with Sakaguchi staining to visualize cyanophycin granules. The 
intensity of red colour indicates the amount of arginine. Dark red dots are cyanophycin granules. Cells were 
incubated for 12 days at dark/light regime in a phosphorus depleted medium.  

3.3.2 Overexpression of phaG 

In organisms like P. putida, the enzyme PhaG connects the fatty acid biosynthesis with the PHB 

metabolism by providing more precursors for the PHB production. Since Synechocystis does not 

produce this enzyme naturally, a new overexpression plasmid was created, where phaG was under 

the control of a strong psbA2 promotor on a pVZ322 plasmid. The plasmid was transformed into a 

glucose sensitive Synechocystis WT, which was then transferred to nitrogen depleted medium 

(Figure 20 A). Here, the newly generated strain produced similar amounts of PHB as the WT within 

the first two weeks. Interestingly, after three weeks the cells strongly increased their PHB 

production to over 60 % PHB / CDW. 
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Figure 20. PHB content in percentage of cell dry weight (CDW) of WT and PhaG mutant. (A) Initial experiment, 
(B) repetition of the experiment. Cultures were shifted to nitrogen free medium at day 0 and were 
subsequently grown for 30 or 21 days, respectively. Each point represents a mean of three independent 
biological replicates. 

Although the experiment was repeated five times, the high production rates of the initial 

experiment were never reached again. However, the PhaG mutant strain always exhibited higher 

intracellular PHB contents than the WT (Figure 20 B) 

Since PhaG provides precursor from the fatty acid biosynthesis, a mutant overexpressing this 

enzyme might also produce mcl PHA. To test this, the produced polymers of WT and the PhaG 

mutant were analyzed via gas chromatography. However, the only polymer found in both strains 

was PHB.  

 

4. PII regulates nitrogen transporter 

The regulation of the intracellular nitrogen homeostasis is of crucial importance for cyanobacteria. 

One important protein involved in this is the central regulator PII. There are several strategies, how 

PII influences the intracellular nitrogen levels. One strategy is to regulate the uptake of combined 

nitrogen sources. Various PII pull-down analyses in our lab indicated an involvement of PII in the 

regulation of the nitrogen influx, potentially by directly interacting with the respective transporters 

and permeases.  

A bacterial-two-hybrid assay was applied to verify the interactions between PII and the ABC-type 

transporters NrtABCD (nitrate/nitrite transporter), UrtABCDE (urea transporter), as well as the 

permease Amt1 (ammonium channel) (Publication 2, Figure 5).  Of those ABC transporters, only the 

cytoplasmic localized ATP-binding proteins (NrtCD and UrtDE, respectively) were tested.  

The bacterial-two-hybrid assays revealed an interaction between PII and Amt1. Furthermore, the 

interaction with NrtC and NrtD as well as UrtE subunit could be confirmed, while no interaction with 

UrtD was detected. Some interactions, like between PII and NrtD, depended strongly on whether 
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the NrtD was N- or C-terminally tagged with the subunit of the adenylate cyclase, demonstrating 

how specific the interactions are. Furthermore, different PII variants (PII(I86N), PII(S49D), and 

PII(R9L)) were tested. While PII(S49D) exhibits a phosphomimetic T-loop, PII(I86N) shows a change 

in its T-loop conformation and PII(R9L) exhibits changed effector binding properties. In contrast to 

the WT, the PII variants showed only weak or no interaction with the permease Amt1. PII(S49D) and 

PII(I86N) showed weak interactions with the Nrt-proteins, while PII(R9L) showed no interaction at 

all. In contrast to the WT, none of the PII variants interacted with the C-terminally tagged UrtE.  
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5. Materials and Methods of the additional results  

5.1 Cultivation of Synechocystis  

Unless stated differently, Synechocystis cultures were grown at constant light (50µE), 28 °C and 

shaking at 120 rpm. Erlenmeyer flasks (100 ml) were used and filled with 50 ml of cyanobacterial 

culture. For the mutant characterization experiments of ΔphaEC, 10 ml of culture was incubated in 

25 ml flasks. Depending on the experiment, cultures were either constantly shaken at 120 rpm or 

incubated at standing conditions. Whenever a dark/light regime was applied, 12/12 hour rhythms 

were used. For growth, standard BG11 medium was used (Rippka et al., 1979). Antibiotics were 

added when required. 

5.2 Construction of genetically modified organisms 

For the construction of the PhaG mutant, the phaG sequence of P. putida gene was used and codon 

optimized for Synechocystis.  The synthetic gene was synthesized by IDT (Iowa, USA). A pVZ322 

plasmid (Wolk et al., 1984) was linearized by double digestion with SalI and PstI. Both fragments, 

the opened plasmid and the gBlock, were combined using Gibson cloning (Gibson et al., 2009). The 

correct assembly was confirmed by sequencing the resulting plasmid. Correct plasmids were 

transformed into Synechocystis and transferred to Kan/Gen agar plates. After colonies have formed, 

successful segregation was confirmed via colony PCR. 

5.3 Oxygen measurements 

To continuously measure the oxygen concentration during vegetative growth, 10 ml Synechocystis 

culture of an OD750 = 0.2 were incubated in a 25 ml Erlenmeyer flask. The culture was incubated 

alternating dark/light cycle and under standing conditions without shaking. An oxygen sensor was 

placed at the bottom at the inside of the flask. A FiBox from PreSens (Regensburg, Germany) was 

used to determine the dissolved oxygen concentration within the medium. The equilibrium 

concentration was determined at 360 µM dissolved oxygen under our measured conditions. 

5.4 MDA assay  

MDA (malondialdehyde) was measured as an indicator for intracellular redox stress. For this, 

Synechocystis cultures were grown in standing or shaking conditions and different light intensities at 

a dark/light regime. Samples were taken 2 hours after the transition to the light phase. Cells 

corresponding to 1 ml at an OD750 of 1 were harvested by centrifugation and ruptured by FastPrep-

24 (MP Biomedicals, Illkirch-Graffenstaden, France). The Lipid Peroxidation (MDA) Assay Kit from 

MERCK (Darmstadt, Germany) was used according to the manufacturer protocol.  

5.5 Cyanophycin quantification 

For the quantification of cyanophycin, 50 ml of Synechocystis culture were used. For the 

determination of the cell dry weight, 10 ml were centrifuged and the pellet transferred into a pre-

cradled reaction tube. The pellet was dried in a vacuum concentrator and the weight determined. 
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The remaining 40 ml were also harvested via centrifugation and resuspended in 100 % acetone, 

where the cells are incubated for 30 min while being constantly shaken. The sample is centrifuged 

once more for 15 min at 25 000 g. The resulting pellet is resuspended in 0.1 M HCl (1.5 ml) and 

incubated at 60°C and constant shaking for 1 h. During this incubation, cyanophycin is solubilized. 

Remaining cell debris are removed by for 15 min at 25 000 g. To precipitate cyanophycin from the 

supernatant, 300 µl of 1 M Trs/HCl (ph 8.0) is added and incubated at 4°C for 40 min. The solution is 

centrifuged once more at 25 000 g for 15 min at 4 °C. The pellet is resuspended in 500 µl 0.1 HCl. The 

final amount of cyanophycin is quantified by determination of arginine (Messineo, 1966). 

5.6 Sakaguchi staining  

To stain intracellular cyanophycin granules, Synechocystis cells were stained with Sakaguchi staining 

as previously described (Watzer et al., 2015). In short, 500 µl culture were centrifuged (3 min at 10 

000 g). The pellet was resuspended in 500 µl PBS and with 2.5 % glutaraldehyde. The samples were 

incubated at 4°C for 30 min, before they were washed with 1 ml PBS. Cells were centrifuged for 8 

min at 3 000 g at 4 °C. Next, 80 µl 5 M KOH followed by 10 µl of 1 % (w/v) 2,4-dichloro-1-naphthol 

dissolved in absolute ethanol were used to resuspend the pelleted cells. Cells were incubated for 2 

min at room temperature. Finally, the cells were centrifuged (5 min at 3 000 g), resuspended in 100 

µl PBS and examined using a Leica DM 2500 microscope.  

  



VI. Results 

53 
 

 

 

 
 
  



 

 
 
 
 
 

VII. Discussion 

  



VII. Discussion 

55 
 

1. Physiological function of PHB in cyanobacteria 

Although PHB is very abundant within the phylum of cyanobacteria, no physiological function has 

yet been discovered. The results shown in this work shed further light on the conditions under which 

PHB is relevant, although no clear function could be assigned to the polymer. Unlike previously 

believed, the formation of PHB is not only linked to phases of nutrient limitation. Additionally, 

experiments showed that the formation if PHB is also linked to dark phases and controlled by a 

diurnal rhythm.  

1.1 The role of PHB during nutrient limitation 

In many bacteria, PHB is known as a storage compound for carbon and energy, which accumulates 

in times of nutrient depletion. Additionally, PHB can increase the tolerance against various stresses. 

However, when a Synechocystis WT was exposed to these conditions, it never showed any growth 

advantage compared to a PHB free mutant ΔphaEC. One potential explanation for the undetectable 

phenotype could be a compensation by other mechanisms.  

During billions of years, cyanobacteria evolved various resistance mechanisms against different 

stresses. A common stress is the availability of too much or too little light and energy availability. 

While it is important to get sufficient energy in times of low light, the opposite, i.e. exposure to high 

light, can also be dangerous. Therefore, cyanobacteria have evolved sophisticated mechanisms to 

cope with conditions of high light stress. Furthermore, particularly at times of high light and low 

carbon, an excess of energy can lead to the formation of reactive oxygen species (ROS), which are 

byproducts of aerobic metabolism, which can damage the cells (Latifi et al., 2009). To increase their 

resilience against such threats, cyanobacteria have evolved numerous strategies, while some of 

them serve as a backup for one another. One hypothesis is that PHB serves as a buffer against redox 

stress or for excess of electrons. However, a growth deficiency could only become visible when other 

factors, which serve for the same purpose, are unavailable. For example, Synechocystis produces 

lactate, acetate and succinate, which also required electrons for their formation. Under dark, 

anerobic conditions, when cells are exposed to a surplus of electrons, a secretion of succinate and 

lactate was observed (Ueda et al., 2016). It was furthermore observed, that the deletion of an 

acetate kinase increases the amount of secreted succinate, indicating that different metabolites can 

substitute each other in their function as buffers of excess electrons (Osanai et al., 2015). Since the 

production of these metabolites (acetate, succinate, lactate) could compensate the unavailability of 

PHB in a ΔphaEC strain, a deletion of enzymes, which are relevant for fermentation pathways could 

provide interesting insights. One potential gene to be deleted could be the lactate dehydrogenase 

(Ddh), which converts pyruvate and NADH to lactate and NAD+. For the production of acetate, two 

different genes are relevant. An acetate kinase (Acs), which converts acetyl-P to acetate, or an 

acetyl-CoA synthase (Acs), which converts acetyl-CoA to acetate. While a mutant which is unable to 

produce succinate is probably not viable, a temporary knock-down using CRISPRi could be a realistic 

possibility (Yao et al., 2016a). In general, fermentation is only poorly studied in Synechocystis and 

could therefore be an interesting research topic. Comparing the secreted metabolites during 
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nitrogen starvation between a WT and a ΔphaEC mutant could further reveal the importance of PHB 

as an electron sink.  

This potential role of PHB is further supported by the observation that the EMP pathway was shown 

to be the most important pathway for PHB biosynthesis (Publication 1, Figure 6 and Publication 5, 

Figure 2). During the catabolism of one glucose residue via the EMP pathway the only energy rich 

metabolites generated are ATP and NADH. When the ED or the OPP pathways are utilized for 

glucose catabolism instead, also NADPH is generated. At times where the cell interior has a surplus 

of reduced compounds, no further NADPH generation would be desirable. The observation that 

under conditions, where PHB is formed, most carbon is channeled through the EMP pathway, shows 

that these are conditions where the cells have an excess of intracellular reduction equivalents in the 

form of NADPH.  

In comparison to other PHB producing bacteria, the PHB biosynthesis are located on two different 

operons (slr1993/1994 for phaAB and slr1829/1830 for phaEC, respectively). This peculiarity could 

indicate a unique role of PHB in cyanobacteria. While in most other PHB producing bacteria the 

biosynthetic genes are transcribed simultaneously, Synechocystis has the ability to finetune the PHB 

synthesis. This could be relevant since the unregulated production of PHB was shown to be harmful 

(Publication 4, Figure 2 + 3), hence the formation of PHB has to be tightly regulated. The formation 

of complex PHB granules require energy from the cell, and if PHB is not properly regulated, it can 

even be harmful for the cells. The fact that Synechocystis nevertheless produces PHB underlines that 

PHB has to provide an evolutionary advantage for the cells.  

Another hint towards the physiological function of PHB is that the polymer was not metabolized, 

even when the cells were transferred to nutrient rich medium (Publication 4, Figure 6). Instead, the 

granules were only disaggregated and distributed among the newly formed daughter cells during 

the resuscitation from nitrogen starvation. This indicates that PHB could serve rather as a disposal 

for undesired products, which are formed during chlorosis. However, in this scenario it remains 

puzzling why the cells would not simply secrete the undesired reduction potential in form of 

metabolites, such as acetate.  

Another remarkable feature about the PHB formation is its heterogeneity (Publication 5, Figure 6). 

The strong diversity of cells with low or high amounts of PHB indicates that PHB formation is not 

necessary or beneficial under all environmental conditions. Only ~10 % of cells were assigned as 

high-PHB-producers, while most other cells contained only small to moderate amounts of PHB. This 

indicates that the accumulation of large amounts of PHB is potentially only relevant under rare and 

unpredictable occurring situations, since only a minority of cells produced high amounts of it. Future 

experiments could try to further investigate this phenomenon by separating low and high producing 

PHB cells and test how they are able to withstand different stress conditions.  
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1.2 The role of PHB during dark phases  

Although it was previously believed that PHB in cyanobacteria is only produced during conditions of 

nutrient limitation, several experiments indicate an additional role during dark phases, even in the 

presence of all required nutrients. For instance, all PHB related genes are strictly regulated by a 

diurnal rhythm (Publication 5, Figure A3) (Köbler et al., 2018). Interestingly, the genes are strongly 

upregulated at the beginning of the night, while they are downregulated during the day (Figure 21). 

This further suggests an involvement of PHB during dark phases.  

Preliminary results showed a small PHB accumulation during the night under conditions of limited 

gas exchange. However, the detected amounts of PHB were close to the detection limit and only 

observed in a glucose sensitive substrain of Synechocystis. Since it was not possible to complement 

the ΔphaEC mutant strain used in this study, not all differences to the WT strain can be clearly linked 

to the absence of PHB. However, the observed phenotypes of this mutant strain could provide hints 

about the physiological function of PHB, which could be confirmed with a complementable ΔphaEC 

strain.  

Another hypothesis is the involvement of PHB for an increased resistance against redox stress. In 

experiments, where cells were exposed to high light stress, a PHB free mutant grew worse 

compared to low light, while the WT strain grew better during high light conditions. Furthermore 

showed the analysis of intracellular MDA increased redox stress in a ΔphaEC mutant, regardless of 

the light intensity (Figure 11). It has to be mentioned though, that both experiments were 

performed with a  ΔphaEC mutant strain, which was unable to produce PHB, but might have also 

acquired additional mutations, since it was impossible to restore the WT phenotype by a 

complementation with a plasmid encoding the phaEC genes. However, also experiments in other 

strains have found a connection between PHB and the intracellular redox potential. A mutant which 

was lacking the protein Sll0783 showed decreased NADPH levels (Hauf et al., 2013). Furthermore, 

this mutant barely produced any PHB anymore, indicating a connection between intracellular redox 

status and PHB formation (Schlebusch and Forchhammer, 2010).  Another publication showed 1.85 

times higher NADPH levels in a PHB free Synechocystis mutant compared to the WT (Xie et al., 

2011). 

Interestingly, growth comparisons showed the strongest disadvantage of a ΔphaEC strain during 

dark phases combined with limited gas exchange (Figure 8). The gas exchange limitation was caused 

by growth at standing conditions, which simulates the conditions present in a natural occurring 

habitat, like for example a pond. Due to the gas exchange barrier of a water column above the cells, 

respiration during the night was causing a decline in oxygen levels within the medium. Although the 

conditions where never completely anoxic, oxygen-limited conditions were reached during the late-

night phases. Further investigation of this phenomena, for example with higher water columns, 

could be interesting, to test if this creates even higher oxygen limitations. To the best of our 

knowledge, experiments investigating these natural occurring conditions of a slight gas exchange 

limitation (in contrast to continuous shaking or strict anerobic conditions) where never tested so far. 

Foremost, for further investigations the creation of a ΔphaEC mutant without downstream effects is 
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necessary. In the current ΔphaEC mutant the entire phaEC operon is deleted, which also affects a 

short UTR downstream of phaEC, as well as a gene located on the antisense DNA strand (sll1736). 

The latter encodes for a protein of unknown function and is located adjacent to genes of the 

respiratory chain (NADH dehydrogenase subunits). Hence, a mutant affecting these genetical 

reasons could explain the growth phenotype under conditions of reduced gas exchange. In a newly 

generated mutant, an antibiotic resistance cassette should be inserted into the gene phaE, instead 

of replacing phaEC with the cassette. Additionally, further analysis of this downstream region, as 

well as the anti-sense strain, could be interesting to investigate, since it could have caused the 

strong growth phenotype during dark/standing conditions (Figure 8).   

2. Interconnection between different carbon pools 

Several experiments have shown a connection between the PHB and glycogen pools (Publication 1). 

Interestingly, the biosynthesis of PHB starts slightly delayed after the induction of nitrogen 

starvation, while glycogen formation starts immediately upon N-downshift. This further indicates, 

that PHB is likely not a storage polymer, otherwise it would be more likely to be formed immediately 

after the onset of chlorosis. Since the intracellular accumulation of PHB continuous throughout the 

chlorosis it is likely that PHB is formed from products produced during phase II of chlorosis. 

Additionally, a recent publication has found a potential connection between PHB and 

lipopolysaccharides (Matsuhashi et al 2015). Based on this observation, further experiments 

investigating the potential involvement of degraded thylakoid membranes for the formation of PHB 

would be interesting to investigate.  

Interestingly, a ΔglgC mutant is still able to produce PHB, while a ΔglgP mutant is strongly impaired, 

although both strains cannot metabolize glycogen. While the ΔglgC strain probably accumulates 

glucose-1P, ΔglgP stores carbon as glycogen. Hence, it makes a big difference which metabolite 

accumulates for the ability to produce PHB. Furthermore, the specific kind of glycogen which is 

produces plays an important role: While a ΔglgA1 mutant was strongly impaired in its PHB 

production, a ΔglgA2 mutant produced similar amounts as the WT (Publication 1, Figure 3). This 

further highlights the importance of the two different kinds of glycogen and their varying ability to 

get metabolized (Yoo et al., 2014). Finally, the relationships between PHB and glycogen can also be 

seen in transcriptomic data of cultures grown in alternating day/night rhythm. While the glycogen 

synthesizing genes were upregulated during the day and downregulated during the night, genes 

which are involved in the glycogen degradation where regulated in an opposite manner. 

Interestingly, the regulation of PHB biosynthesis genes behaved as the glycogen-degrading 

enzymes (downregulated during the day and upregulated during the night). This further indicates a 

potential conversion of the two polymers into each other (Figure 21).  
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Figure 21. Transcriptome of representative genes of the glycogen anabolism (glgC, yellow), glycogen 
catabolism (glgP2, blue), PHB biosynthesis (phaE, orange) and sll0944. The transcriptomic data are derived 
from Saha et al. 2016. Shown are two consecutive days of Synechocystis cells grown at a dark/light regime, 
where a grey background indicates a night phase.  

Interestingly, the sll0944 transcript shows a strong up-regulation at the beginning of the day (Figure 

21). It has not been investigated so far, what the role of Sll0944 during vegetative growth is and how 

this influences the potential PHB metabolism und balanced conditions.  

3. Proteins associated to PHB metabolism 

In the past years, several new proteins involved in the PHB metabolism have been identified (Hauf 

et al., 2015) (Publication 4). Although the physiological relevance of Slr0060 has not been fully 

understood, the fact that it has been found in a PHB-granule pulldown supports its involvement in 

the PHB metabolism (Schlebusch, 2012). Additionally, the localization of slr0060 on the same 

operon as slr0058, which was shown to influence the number of PHB granules, makes it likely that 

both genes are involved in PHB metabolism. Future studies could investigate slr0059 and slr0061, 

two genes located on the same operon, but with no predicted function. Additionally, a 

transcriptomic analysis revealed that during day/night rhythm the gene sll0062, which is located 

adjacent to slr0058 on the antisense DNA strand, shows the same transcriptomic pattern (Kucho et 

al., 2005). This could also indicate an involvement of sll0062 in the PHB metabolism.  

Since the deletion of slr0060 did not cause a drastic change in the intracellular amount of PHB, the 

PHB depolymerase is most likely still to be found. Since the absolute amount of PHB remains the 

same even after the resuscitation from nitrogen starvation (Publication 4, Figure 6), it is 

questionable if Synechocystis possesses a PHB depolymerase at all. However, it is assumed that all 
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organisms, which produce PHB, should also have a PHB depolymerase in order to mobilize the PHB 

again. One potential candidate for a depolymerase is encoded by the gene slr1916. A bioinformatical 

analysis of all Synechocystis genes revealed that slr1916 shows the strongest structural similarity to 

other intracellular PHB depolymerases. Interestingly, a recent study, where a mutant library of the 

entire Synechocystis genome was created using CRISPRi, showed that the knock-down of slr1916 

caused a strong increase in its growth rate by 13 %  (Yao et al., 2020). Besides a depolymerase, more 

phasins might still to be discovered. While in organisms like C. necator 7 different phasins are known 

(Pfeiffer and Jendrossek, 2012), there is only one described in Synechocystis so far, PhaP. Although 

Slr0058 influences the number and size of PHB granules in Synechocystis, it is probably not directly 

located to mature PHB granules (only during the early phases) and can thereby not considered a 

classical phasin (Figure 22). Another promising candidate is encoded by slr0455, which shows 

predicted structural similarities to a phasin. Further studies are needed to investigate this topic.  

Some of the major findings of this work, including a proposed model for the role of Slr0058, are 

shown in Figure 22. 

 

Figure 22. Schematic overview of the PHB metabolism in Synechocystis. During early chlorosis, CO2 is taken 
up into the cell and is stored in the form of glycogen granules. During the later stages of chlorosis, glycogen is 
slowly degraded and metabolized via the EMP pathway, where Sll0944 regulates the flux from glycerate-3P (3-
PG) to glycerate-2P (2-PG). The latter is subsequently converted to acetyl-CoA, which serves as the building 
block for PHB. Slr0058 acts as an initiation point for the PHB synthesis and slowly detaches from the granules. 
Instead, more PHB synthases and phasins cover the granule surface.  
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4. Metabolic engineering for increased PHB production 

In the past decades, numerous approaches have tried to generate genetically engineered 

cyanobacteria with increased PHB production. However, most approaches resulted in only small 

amounts of accumulated polymer. This is partially due to different Synechocystis WT strains being 

used, which produce as little as 1 % PHB / CDW, even during nitrogen starvation (Osanai et al., 2013). 

In contrast, the Tübingen Synechocystis WT produced up to 20 % PHB / CDW. Hence, this strain 

serves as a good basis for the construction of PHB overproduction mutants.  

4.1 Δsll0944 as a chassis for metabolic engineering 

As previously shown exhibits the Δsll0944 mutant strain a rapid mobilization of glycogen during 

nitrogen starvation. Much of the carbon derived from glycogen was channeled into the formation of 

PHB, resulting in a massive accumulation of more than 40 % PHB / CDW. Interestingly, when 

cultivated in phosphorus deficient medium, the Δsll0944 strain still produced more PHB than the 

WT, but more remarkably, it also accumulates large quantities of cyanophycin. When the flux 

towards PHB was increased by the overexpression of REphaAB (strain PPT1), the strain still 

produced more cyanophycin than the WT, but additionally redirected more carbon towards PHB 

(Figure 18). This indicates that in the WT under phosphorus limited conditions, the formation of PHB 

is probably constrained by the enzymatic activity of PhaAB. The fact that Synechocystis WT prefers 

to produce cyanophycin over PHB indicates that cyanophycin might have a larger physiological 

relevance during phosphate starvation.   

Although the Δsll0944 strain is an overproducer of PHB, its metabolism could be exploited to 

produce other high value products. Since many metabolites are based on the production of acetyl-

CoA, a Δsll0944/ΔphaAB strain could serve as a chassis, where the introduction of synthetic 

pathways could redirect the metabolic flux from acetyl-CoA to a desired product. Examples for such 

acetyl-CoA derived products are 1-butanol, 3-hydroxypropionate or  isoprenoids, which could be 

used as biofuels, flavors, biofuels, vitamins or pharmaceuticals (Zhang et al., 2019). 

4.2 Optimization of PPT1 

To further increase the intracellular PHB accumulation, the genes phaAB from C. necator were 

introduced into the Δsll0944 strain. The resulting PHB content was so large that it might have 

caused cell rupture. However, the achieved time-space-yield is still rather low, due to slow growth 

rates, long incubation time in chlorosis as well as small overall biomass. In the following, several 

approaches to increase the overall amount of PHB by using the PPT1 strain are discussed.  

Cultivation medium. The highest intracellular amounts of PHB were reached when the cells were 

cultivated in BG11 medium without nitrogen and phosphorus, as well as with the addition of 10 mM 

acetate. However, this medium might still be further optimized. Previous studies have shown that 

the growth rates of Synechocystis in BG11 are limited by sulfate, which causes ROS formation and 

thereby rapid bleaching of pigments when depleted (van Alphen et al., 2018). Another limiting factor 
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was iron, particularly when cells are grown under continuous mode. Studies have shown that when 

these two factors are considered, Synechocystis was enabled to grow at a doubling time of 4.3 h, 

which is twice as fast as the common textbook knowledge.  A growth medium could be further 

optimized with the addition of potassium, which was shown to result in higher PHB production 

during dark cultivation (Ueda et al., 2016). Finally, the addition of acetate to the growth medium is 

an additional cost factor. Replacing acetate with waste water or fish pond discharge are alternative 

sources of organic carbon, which are available at no cost and where shown to successfully replace 

synthetic carbon sources such as acetate (Panda et al., 2006). 

Aeration. While some groups have found that sealing samples during nutrient limitation could 

further boost the PHB production (Panda et al., 2006), our experiments have shown the opposite: 

When incubated in closed containers, which eliminated any gas exchange, the PHB production was 

drastically diminished (Publication 7, Figure S5). This is in line with other studies (Kamravamanesh et 

al., 2017) (Publication 5, Figure 1). Hence it can be concluded, that for future experiments, sufficient 

gas exchange should be ensured, for example by rigorous shaking. Furthermore, supplying gas with 

enriched CO2 content could be tested to further boost the PHB production. When 100 mM NaHCO3 

were added to PHB producing Synechocystis cultures, no increase in the maximum PHB content was 

achieved. However, the initial production rates were strongly increased, with one replicate reaching 

>60 % PHB / CDW after one week. These results indicate that the pace of PHB production could be 

further accelerated by an elevated CO2 supply.  

Illumination. In our experiments, cultivation at alternating dark/light phases proved to be superior 

for PHB production, due to higher PHB contents per CDW, as well as higher initial production rates. 

However, it should be considered that growth and also chlorosis during dark/light regime leads to 

lower overall biomass compared to cultivation at continuous light. The benefit of dark/light cycles is 

that this would allow cultivation using natural light and no artificial light source. Furthermore, the 

process of chlorosis can be accelerated with increased light intensity. When supplied with sufficient 

CO2, cyanobacterial cells are able to tolerate higher light intensities (Lippi et al., 2018). Further 

experiments investigating different combinations of light/CO2 supply could help to accelerate the 

PHB accumulation.  

Reactor design. Studies have shown that optimized pH and temperature can further increase the 

PHB production (Panda et al., 2006). A more controlled environment, for example via a temperature 

control or pH control, could be tested to optimize the conditions for PPT1. Alternatively to the 

cultivation in a shake flask, the usage of optimized growth chambers, such as the CellDEG system, 

could be considered. These systems have already been demonstrated to be suitable for high density 

productions in a short time with high yields of cyanophycin (Lippi et al., 2018) or sesquiterpenoid 

(Dienst et al., 2020). Although this system can provide very high time-space yields, the ability to be 

up-scaled are limited. Instead, cultivation in larger pilot plants could be of interest. First examples of 

Synechocystis sp. cultivation for the production of PHB have already been demonstrated in a 200 l 

pilot plant, which was attached to the exhaust of a coal power plant (Troschl et al., 2018). In another 
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approach, three 11 000 l photobioreactors were successfully used to cultivate wastewater born 

cyanobacteria for the production of PHB (Rueda et al., 2020).   

4.3 Design of PPT2 

Although PPT1 has already achieved high PHB values, the metabolic design could be further 

engineered (“PPT2”) to achieve desirable properties, such as a faster PHB accumulation. However, 

since these values of >80 % PHB / CDW were only reached after the addition of acetate and after 

three weeks of incubation, further improvements are necessary for a more cost- and time-efficient 

production. Since Synechocystis cells are able to produce 50% glycogen within 2 days during the 

early stage of chlorosis, they should in principle be able to produce PHB at similar rates, 

demonstrating the room for improvements.  

TEM pictures have shown numerous cells with ruptured cell walls, indicating that the PHB contents 

reached in PPT1 were already close to the maximal possible content. Furthermore, since cells always 

contain a certain amount of intracellular structures, such as remaining thylakoid membranes, it 

seems unlikely that much more than 80 % PHB / CDW can be reached. One potential strategy to 

overcome this limiting cell wall could be the disruption of Z-ring formation by deleting ftsZ or by 

deleting the actin-like protein MreB to create longer cell. The same strategy has already been 

successfully implemented in Halomonas, resulting in large cells with high PHB contents (Jiang et al., 

2017). 

For the construction of PPT1, the genes REphaAB were introduced together with a strong psbA2 

promotor on the self-replicating plasmid pVZ322. To ensure a stable expression, an integration into 

the genome would be desirable. This could be achieved by using the pEERM1 plasmid, which 

integrates a gene of interest together with a strong ribosomal binding site downstream of the 

psbA2 promotor  (Englund et al., 2015). However, previous attempts using this plasmid to introduce 

REphaAB or REphaC into the genome have not been successful (Orthwein, 2019). Furthermore, the 

PPT1 strain uses the original genes from C. necator. Instead, codon optimized genes could lead to a 

higher expression of these genes. Although it was previously shown that the additional expression 

of phaC (in combination with phaAB) could decrease the overall PHB productivity in Synechocystis 

(Khetkorn et al., 2016), this does not have to be the case with PPT1. The very high PHB amounts 

reached in PPT1 could lead to a situation where the amount of PHB- synthase is limiting. Hence, 

designing a new construct, which includes phaC from C. necator in addition to phaAB could be 

desirable. Alternatively, the usage of a different PHA synthase could provide PHA with improved 

material properties. A recent study has discovered a cyanobacterium (Anabaena spiroides TISTR 

8075) which is able to produce PHBV under phototrophic conditions (Tarawat et al., 2020). This 

would allow the production of PHBV instead of mere PHB.  

Besides improving the expression of the main biosynthetic PHB genes phaAB(E)C, the insertion of 

additional genes could help to redirect the carbon flux more towards PHB, for example by increasing 

the availability of the precursor acetyl-CoA. As a background, a strain overexpressing phaABC 
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should be used to ensure a rapid conversion of acetyl-CoA to PHB. Furthermore, a PHB 

overproduction chassis should include the Δsll0944 phenotype.  

Reduction of side-products. An increased flux towards a product of interest can be achieved by the 

elimination of undesired side-products. One approach would be the deletion of glgC to stop the 

glycogen synthesis. Although it is known that a ΔglgC mutant is unable to survive longer periods of 

nitrogen starvation, the initial chlorosis phase could be long enough for the strain to survive and to 

redirect most of its fixed carbon into PHB. Additionally, previous studies have shown that the 

unavailability of a carbon sink (like in the case of a ΔglgC strain) can result in growth impairment. 

This leads in the ΔglgC strain to an overflow metabolism, where it secretes metabolites like 2-

oxoglutarate or pyruvate (Grundel et al., 2012). Another study showed that after the introduction of 

an alternative sink (in this case the biosynthesis genes for isobutanol) the ΔglgC mutant recovered 

the original growth rate of the WT (Li et al., 2014). Hence, the increased flux towards PHB in a 

phaABC overexpressing background could ensure continuous carbon flow and avoid the undesired 

accumulation of metabolites, which could cause the growth impairment in a ΔglgC strain. 

Additionally, a recent study showed that when no carbon sink is available during chlorosis (like in the 

case of a ΔglgA1/2 strain), metabolites like ADP-glucose accumulate, which are toxic for the cells. 

However, upon the addition of NaCl, cells started to produce glucosylglycerol to cope with the 

osmotic stress. Since glucosylglycerol is produced from ADP-glcose, the metabolic stress is relived 

and the cells can grow normally (Díaz-Troya et al., 2019). This phenomenon could be exploited to 

design strains which are glycogen deficient (like the ΔglgA1/2 strain), which are otherwise difficult to 

cultivate. To ensure that the carbon is not ending up in downstream metabolites, alternative carbon 

sink pathways, like towards the TCA cycle, could be down-regulated, for example by using CRISPRi 

for an inducible reduction of the phosphoenolpyruvate carboxylase (PepC) or the citrate synthase 

(GltA).  

Intensification of catabolism. During the first two days of chlorosis, Synechocystis accumulates 

large quantities of glycogen. Tapping this carbon storage could strongly increase the precursor 

availability for PHB production. One way could be the overexpression of glycogen phosphorylases 

glgP1/2. Since the posttranslational regulation of both enzymes is unknown, using heterologous 

enzymes could be more efficient. The downside of this strategy is the uncertainty, if the product of 

GlgP, glucose-1P, would be further metabolized or if other enzymes of the upper glycolysis function 

as additional bottlenecks. A more promising approach could be to increase the overall carbon 

catabolism. For this, the overexpression of two central regulators, Rre37 and SigE, was shown to be 

successful (Nakaya et al., 2015, Osanai et al., 2014). Expressing both regulators under a NtcA 

dependent promotor could ensure the specific transcription during chlorosis. If PHB should take 

place during vegetative growth, coupling its formation to the day/night rhythm could be beneficial. 

This approach was already successfully demonstrated for the production of fumarate, where the 

constructed strain produced fumarate constantly during the day as well as during the night (Du et 

al., 2019). Finally, the introduction of a specific point mutation in the phosphate-specific transport 

system integral membrane protein A (PstA) showed to strongly upregulated the carbon flow 

towards PHB (Kamravamanesh et al., 2018a).  
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Increased precursor supply by additional pathways. The deletion of the sll0944 has shown, that an 

increased supply of precursors is a limiting factor for the PHB biosynthesis. Rerouting the 

intracellular carbon flux could increase the carbon supply from other internal sources. One example 

is the expression of phaG. This 3-hydroxyacyl-CoA-acyl carrier protein transferase connects the fatty 

acid de novo synthesis with the PHB biosynthesis in P. putida (Rehm et al., 1998). Although the mere 

overexpression of phaG did not lead to a strong increase in accumulated PHB (Figure 20), an 

insertion into the PPT1 strain could be more successful. Another alternative pathway is catabolized 

by the phosphoketolase Xfpk (Anfelt et al., 2015). This enzyme produces acetyl phosphate from 

xylulose 5-phosphate or fructose 6-phosphate. Thereby this pathway connects metabolites of the 

glycolysis and the OPP directly with the production of acetyl-phosphate, which can be easily 

converted to acetyl-CoA in a single enzymatic reaction. The usage of a phosphoketolase for the 

production of PHB has already been  successfully demonstrated before (Carpine et al., 2017). Finally, 

the enzyme NphT7 could be exploited. In Streptomyces sp. it converts acetyl-CoA and malonyl-CoA 

to acetoacetyl-CoA and CoA (Okamura et al., 2010). Since this reaction involves the hydrolysis of 

ATP to ADP it is energetically favorable (Lan and Liao, 2012). This approach has already been 

demonstrated to increase the PHB production (Lau et al., 2014) (Weiß, 2018). In addition to the 

improved precursor supply, increased NADPH availability could be necessary for PHB biosynthesis. 

Since more NADPH is generated via the OPP than the EMP pathway, blocking the latter could 

increase the PHB production. Although a blockage of the EMP pathway was shown to drastically 

decrease the PHB production, this could have been resulted from the surplus of NADPH within the 

cells. In the background of an additional sink for NADPH (the reaction catalyzed by the 

overexpressed PhaB), which is the case in the strain PPT1, the blockage of the EMP pathway could 

be beneficial.  

Decrease heterogeneity. When Synechocystis WT cells produce PHB, a strong heterogeneity of the 

accumulated polymer was reported within a population. Even in the overproduction strain PPT1, a 

certain variety in the PHB content was observed (Figure 16). The mechanistic program behind this 

phenomenon is unknown. From other strains like C. necator or P. putida it is known, that PHB 

formation follows a complex regulation (Velázquez-Sánchez et al., 2020). PHB accumulation is 

regulated on different levels including transcriptional or translational regulation and potentially 

factors such as quorum sensing. Further investigation of the heterogeneity phenotype is necessary 

to understand the mechanism behind it and to create a population of homogeneous PHB 

overproducer cells. In previous experiments, FACS was used to analyze the inheritability of the low 

and high PHB phenotypes (Publication 5, Figure 6). Although it was shown that the heterogeneity is 

not based on genetic differences, the FACS method could be used to identify and separate natural 

occurring mutants with high PHB phenotypes. A recent publication applied a double-staining for 

FACS separation, using BODIPY 493/503 for PHA staining and SYTO 62 for DNA staining. It resulted 

in a fast and reliable quantification of PHB biosynthesis (Karmann et al., 2016). This technique could 

be used to identify natural occurring variants and high-producer cells within a PPT1 population. 

 New background strain. Although Synechocystis is a well-studied model organism, it also has 

several disadvantages compared to other cyanobacterial strains. One example is its relatively high 
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doubling time of around 8 hours. Other cyanobacterial strains can grow much faster, for example 

the recently discovered strain Synechococcus UTEX 2973, which is closely related to Synechococcus 

elongatus PCC 7942. This strain can be cultivated at 41°C under continuous 500 µE, where it exhibits 

a doubling time of only 1.9 hours. Introducing the PPT1 genetical setup (Δsll0944REphaABC) could 

combine fast growth with high PHB production yields. An alternative strain with interesting 

properties is Chlorogloea fritschii TISTR 8527. This strain was shown to be self sedimenting 

(Monshupanee et al., 2016), which could help to reduce downstream processing cost, an important 

factor determining the final price of the product (Panuschka et al., 2019).  

Altered growth behavior. Synechocystis is known to produce PHB specifically under conditions of 

nutrient limitation. However, coupling PHB production to growth could lead to a faster and direct 

conversion of CO2 to PHB. The factors determining why PHB is not produced during vegetative 

growth have yet to be discovered. Once this would be achieved, growth could be slowed down in 

order to redirect all carbon and energy towards PHB. In a recent study the authors have repressed all 

genes in E.coli via CRISPRi to find genes, which can be down-regulated to have more metabolic flux 

towards a desired product (Li et al., 2020). Another study tried a similar approach in Synechocystis, 

where they used CRISPRi to down-regulate growth for an increased biofuel production. One of the 

most promising candidates was the down-regulation of gltA (citrate synthase), which increased 

carbon partitioning to n-butanol 5-fold compared to the WT (Shabestary et al., 2018). Such 

experiments will become easier once a library of Synechocystis knockout strains is available, which is 

currently under development (Mills et al., 2020, Gale et al., 2019). 

 

  



VII. Discussion 

67 
 

5. Final conclusions 

With the results presented in this work we significantly contributed to the knowledge about PHB 

metabolism in cyanobacteria. We discovered the intracellular carbon sources where PHB is derived 

from and showed which pathways are relevant for its formation; we could show which 

environmental conditions favor PHB production; and we discovered new regulatory factors 

controlling the formation of PHB. All this knowledge can now be applied to develop robust PHB 

production strains for industrial applications. A first example has been set by the creation of PPT1, a 

strain which exhibited the highest PHB content ever achieved in any phototrophic organism.  

However, all these results were based on laboratory conditions and still have to be transferred to 

large-scale bioreactors. At the same time, environmental problems are pressing and issues like the 

global plastic pollution are becoming more dramatic (World Economic Forum, 2016). Technological 

solutions might take too long to adequately address all those challenges. Hence, a more holistic 

approach, including social and humanitarian sciences, are necessary to conduct a societal 

transformation towards more sustainability. Recent studies have shown that a safe and just life 

within our planetary boundaries is possible (O’Neill et al., 2018). It is up to us researchers to step out 

of our ivory towers, actively engage with civil society and take responsibility (Barnosky et al., 2016) - 

to guide our world towards a sustainable future.  
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Abstract: Polyhydroxybutyrate (PHB) is a polymer of great interest as a substitute for conventional
plastics, which are becoming an enormous environmental problem. PHB can be produced directly
from CO2 in photoautotrophic cyanobacteria. The model cyanobacterium Synechocystis sp. PCC 6803
produces PHB under conditions of nitrogen starvation. However, it is so far unclear which metabolic
pathways provide the precursor molecules for PHB synthesis during nitrogen starvation. In this
study, we investigated if PHB could be derived from the main intracellular carbon pool, glycogen.
A mutant of the major glycogen phosphorylase, GlgP2 (slr1367 product), was almost completely
impaired in PHB synthesis. Conversely, in the absence of glycogen synthase GlgA1 (sll0945 product),
cells not only produced less PHB, but were also impaired in acclimation to nitrogen depletion. To
analyze the role of the various carbon catabolic pathways (EMP, ED and OPP pathways) for PHB
production, mutants of key enzymes of these pathways were analyzed, showing different impact on
PHB synthesis. Together, this study clearly indicates that PHB in glycogen-producing Synechocystis sp.
PCC 6803 cells is produced from this carbon-pool during nitrogen starvation periods. This knowledge
can be used for metabolic engineering to get closer to the overall goal of a sustainable, carbon-neutral
bioplastic production.

Keywords: cyanobacteria; bioplastic; PHB; sustainable; glycogen; metabolic engineering;
Synechocystis

1. Introduction

Cyanobacteria are among the most widespread organisms on our planet. Their ability to perform
oxygenic photosynthesis allows them to grow autotrophically with CO2 as the sole carbon source [1].
Additionally, many cyanobacteria acquired the ability to fix nitrogen, one of the most limiting
nutrients [2]. However, many others are not able to fix nitrogen, one of them being the well-studied
model organism Synechocystis sp. PCC 6803 (hereafter: Synechocystis) [3]. Nitrogen starvation starts a
well-orchestrated survival process in Synechocystis, called chlorosis [4]. During chlorosis, Synechocystis
degrades not only its photosynthetic machinery, but also accumulates large quantities of biopolymers,
namely glycogen and poly-hydroxy-butyrate (PHB) [5]. Glycogen synthesis following the onset of
nitrogen starvation serves transiently as a major sink for newly fixed CO2 [6] before CO2 fixation is
tuned down during prolonged nitrogen starvation. During resuscitation from chlorosis, a specific
glycogen catabolic metabolism supports the re-greening of chlorotic cells [7]. By contrast to the pivotal
role of glycogen, the function of the polymer PHB remains puzzling, since mutants impaired in PHB
synthesis survived and recovered from chlorosis as awild-type [8,9]. Nevertheless, many different
cyanobacterial species produce PHB, implying a hitherto unrecognized functional importance [10].
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In other microorganisms PHB fulfills various functions during conditions of unbalanced nutrient
availability and can also protect cells against low temperatures or redox stress [11–13]. Understanding
the intracellular mechanisms that lead to PHB production could help to elucidate the physiological
role of this polymer. Regardless of the physiological significance of PHB, this polymer has been
recognized as a promising alternative for current plastics, which contaminate terrestrial and aquatic
ecosystems [14]. PHB can serve as a basis for completely biodegradable plastics, with properties
comparable to petroleum-derived plastics [15,16]. Since Synechocystis produces PHB only under
nutrient limiting conditions, this phenomenon can be exploited to temporally separate the initial
biomass production from PHB production induced by shifting cells to nitrogen limiting conditions [10].

One of the biggest obstacles preventing economic PHB production in cyanobacteria remains
the low level of intracellular PHB accumulation [17]. While chemotrophic bacteria are capable of
producing more than 80% PHB of their cell dry mass, (e.g., Cupriavidus necator), most cyanobacteria
naturally produce less than 20% of their cell dry mass [15]. Additionally, their growth rate is too slow
to compete with the PHB production in chemotrophic bacteria. There have been many attempts in the
past to further improve the intracellular PHB production, often with limited [1] success [18–20]. One of
the most successful approaches has been achieved by random mutagenesis, leading to up to 37% PHB
of the cell dry mass [21]. However, more directed approaches involving genetic engineering are often
limited by a lack of knowledge about how the cells’ metabolism works in detail. For example, until
today, it was still unknown from which carbon metabolites PHB was derived. There have been several
different studies analyzing the intracellular fluxes in cyanobacteria [22]. However, most of them did
not analyze the carbon flow during prolonged nitrogen starvation. One of these studies showed that in
nitrogen-starved photosynthetically grown cyanobacteria up to 87% of the carbon in PHB is derived
from intracellular carbon sources rather than from newly fixed CO2 [23]. However, until now, it was
not clearly resolved which metabolic routes provide the precursors for PHB synthesis. This knowledge
would lay the foundation for future metabolic engineering approaches to create overproduction strains.
Hence, the goal of this study was to find out where the carbon for the PHB production is coming from
and which pathways it is taking until it reaches PHB.

It has been shown that disruption of PHB synthesis results in an increased production of glycogen;
however, an overproduction of glycogen did not lead to higher amounts of PHB [24]. Another study
that also investigated the accumulation of glycogen in a PHB-free mutant ∆phaC, could not detect any
differences in growth or glycogen accumulation [8].

An important aspect in the issue concerning the relation between glycogen and PHB metabolism
deals with the contribution of various carbon metabolic pathways for the production of precursors for
PHB under conditions of nitrogen limitation. Synechocystis is able to catabolize glucose via three parallel
operating glycolytic pathways [25] (Figure 1): the Embden-Meyerhof-Parnas (EMP) pathway, the
oxidative pentose phosphate (OPP) pathway [26], and the Entner Doudoroff (ED) pathway [25]. When
nitrogen-starved cells recover from chlorosis, they require the parallel operating OPP and ED pathways,
whereas the EMP pathway seems dispensable [7]. Metabolic analysis of mutants overexpressing the
transcriptional regulator rre37 showed a correlated upregulation of PHB synthesis and EMP pathway
genes (phaAB and pfkA, respectively) [27]. However, so far is has not been investigated, how important
these pathways for the production of PHB during nitrogen starvation.

This work started with the initial aim to define whether PHB synthesis depends on the metabolism
of glycogen. Since the initial results implied that PHB is strongly affected by glycogen catabolism,
we further investigated the importance of the different carbon pathways EMP, ED and OPP for the
production of PHB. These findings shall help to further understand the intracellular PHB metabolism
in cyanobacteria, which can be used to create more efficient PHB overproduction strains, making the
production of PHB as a bioplastic more cost efficient.
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2. Results

Following the onset of nitrogen-starvation, large quantities of fixed carbon are stored in
Synechocystis cells as glycogen granules. Long-term starvation experiments of Synechocystis cultures
have shown that, while cells are chlorotic, glycogen is slowly degraded, following its initial rapid
accumulation but PHB is slowly and steadily accumulating [9]. Considering that chlorotic cells are
photosynthetically inactive, these data could indicate a potential correlation between the turn-over of
glycogen and the synthesis of PHB. An overview of the metabolic pathways connecting the glycogen
pool with PHB is shown in Figure 1. To substantiate the hypothesis that PHB might be derived from
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glycogen turn-over, we investigated PHB accumulation in various mutant strains, in which key steps
in different pathways are interrupted. The respective mutations are shown in Figure 1. All strains
used in this work were characterized previously, with their phenotypes, including growth behaviours,
described in the respective publications (see Table A1). Furthermore, all mutants used in these studies
were fully segregated to ensure clear phenotypes.

2.1. Impact of Glycogen Synthesis on PHB Production

To analyze the role of glycogen synthesis on the production of PHB, we first analyzed the
accumulation of these biopolymers during nitrogen starvation in mutants with defects in glycogen
synthesis. The double mutant of the two glycogen synthase genes glgA1 (sll0945) and glgA2 (sll1393)
is unable to acclimate to nitrogen deprivation and rapidly dies upon shifting cells to nitrogen free
BG110 medium [8] and, therefore, could not be analyzed. Instead, we used a knockout mutant of
the glucose-1-phosphate adenylyltransferase (glgC, slr1176) and two knockout strains of each of the
isoforms of the glycogen synthase, glgA1 (sll0945) and glgA2 (sll1393). Yoo et al. [28] reported that the
single glgA1 and glgA2 mutants were still able to produce similar amounts of glycogen as the wild-type
(WT), since one glycogen synthase is still present, and this seems to be sufficient to reach the wild-type
levels of glycogen. However, the structure of the glycogen produced by the two isoforms seemed
to slightly differ in chain-length distribution [28]. In that study, no distinguishing phenotype of the
two mutant strains had been reported. In the present study, the cultures were shifted to nitrogen free
medium BG110 and further incubated under constant illumination of 40 µmol photons m−2 s−1. Under
these experimental conditions, the ∆glgA1 mutant showed an impaired chlorosis reaction, whereas
the ∆glgA2 mutant performed chlorosis as the wild-type strain (Figure 2A). To further determine the
viability of two weeks nitrogen-starved cells, serial dilutions were dropped on nitrate-supplemented
BG11 plates. As shown in Figure 2B, the ∆glgA1 mutant was severely impaired in recovering from
nitrogen starvation, whereas ∆glgA2 could recover from chlorosis with the same efficiency as the
wild-type (Figure 2B).

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 15 

 

 

Figure 1. Overview of central metabolism of Synechocystis. Genes which were deleted in this study 
are highlighted in with a red background. Dotted lines represent several enzymatic reactions. The 
EMP, ED and OPP (Embden-Meyerhof-Parnas, Entner-Doudoroff, Oxidative Pentose Phosphate) 
pathways are highlighted in green, blue and yellow, respectively. 

2.1. Impact of Glycogen Synthesis on PHB Production 

To analyze the role of glycogen synthesis on the production of PHB, we first analyzed the 
accumulation of these biopolymers during nitrogen starvation in mutants with defects in glycogen 
synthesis. The double mutant of the two glycogen synthase genes glgA1 (sll0945) and glgA2 (sll1393) 
is unable to acclimate to nitrogen deprivation and rapidly dies upon shifting cells to nitrogen free 
BG110 medium [8] and, therefore, could not be analyzed. Instead, we used a knockout mutant of the 
glucose-1-phosphate adenylyltransferase (glgC, slr1176) and two knockout strains of each of the 
isoforms of the glycogen synthase, glgA1 (sll0945) and glgA2 (sll1393). Yoo et al. [28] reported that the 
single glgA1 and glgA2 mutants were still able to produce similar amounts of glycogen as the wild-
type (WT), since one glycogen synthase is still present, and this seems to be sufficient to reach the 
wild-type levels of glycogen. However, the structure of the glycogen produced by the two isoforms 
seemed to slightly differ in chain-length distribution [28]. In that study, no distinguishing phenotype 
of the two mutant strains had been reported. In the present study, the cultures were shifted to 
nitrogen free medium BG110 and further incubated under constant illumination of 40 µmol photons 
m-2 s-1. Under these experimental conditions, the ∆glgA1 mutant showed an impaired chlorosis 
reaction, whereas the ∆glgA2 mutant performed chlorosis as the wild-type strain (Figure 2A). To 
further determine the viability of two weeks nitrogen-starved cells, serial dilutions were dropped on 
nitrate-supplemented BG11 plates. As shown in Figure 2 B, the ∆glgA1 mutant was severely impaired 
in recovering from nitrogen starvation, whereas ∆glgA2 could recover from chlorosis with the same 
efficiency as the wild-type (Figure 2 B). 

 

Figure 2. Characterization of the glycogen synthase mutants, ∆glgA1 and ∆glgA2. (A) Cultures after 
five days of nitrogen starvation. (B) Recovery assay of chlorotic wild-type (WT) and mutants ∆glgA1 
and ∆glgA2, using the drop agar method. Cultures that were nitrogen-starved for 14 days were 
serially diluted from 1 to 1:10,000 and from each dilution, a drop of 5 µL was plated on BG11 agar 
and grown for seven days. 

During the course of three weeks of nitrogen starvation, the quantities of PHB and glycogen that 
accumulate in the cells were determined (Figure 3A,B). 

Figure 2. Characterization of the glycogen synthase mutants, ∆glgA1 and ∆glgA2. (A) Cultures after
five days of nitrogen starvation. (B) Recovery assay of chlorotic wild-type (WT) and mutants ∆glgA1
and ∆glgA2, using the drop agar method. Cultures that were nitrogen-starved for 14 days were serially
diluted from 1 to 1:10,000 and from each dilution, a drop of 5 µL was plated on BG11 agar and grown
for seven days.

During the course of three weeks of nitrogen starvation, the quantities of PHB and glycogen that
accumulate in the cells were determined (Figure 3A,B).

In the wild-type, the amount of glycogen already peaked after the first week and slowly decreased
in the following two weeks (Figure 3B). As previously reported by Yoo et al. [28], the single ∆glgA1 and
∆glgA2 mutants initially accumulated similar amounts of glycogen to the wild-type, but in contrast
to the wild-type, the level of glycogen remained high. The PHB content in the glgA2 mutant was
similar to the wild-type for the first seven days of nitrogen starvation, but PHB accumulation slowed
down afterwards (Figure 3B). By contrast, the glgA1 mutant was strongly impaired in PHB production.
Together, the phenotype of the glgA1 and glgA2 mutants indicates that glycogen synthase GlgA1 plays
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a much more important role in nitrogen starvation acclimation than GlgA2, although the amount of
glycogen produced by these two strains is almost the same. One explanation could be that the subtle
differences in the glycogen produced form the two isoenzymes might result in different functions, with
GlgA1-produced glycogen being much more relevant for the maintenance metabolism in chlorotic cells
and for the resuscitation from chlorosis than glycogen produced by GlgA2. In clear correlation with
the redundant role of GlgA2, the glgA2 mutant was not impaired in PHB synthesis, whereas mutation
of the functionally important glgA1 gene resulted in strongly impaired PHB synthesis.
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independent biological replicates.

The glgC mutant was previously characterized by Grundel et al. [6]. They showed that ∆glgC is
not able to perform a proper nitrogen-starvation acclimation response: it maintains its pigments while
it loses viability, which was also observed in our experiments. Namakoshi et al. [29] showed that this
mutant is unable to synthesize glycogen, which is also in line with our results. Under our conditions,
unlike previously described by Damrow et al. [8], the glgC mutant did not show an increased amount
of PHB compared to the WT, but seemed to accumulate less PHB instead (Figure 3A). It has to be noted
though that Damrow et al. [8] investigated only one single timepoint, after seven days of nitrogen
starvation. In addition, these results should be treated with care, since PHB content is normalized to
cell dry weight, which shrinks in the glgC mutant due to progressive cell lysis. Consequently, the cell
density was severely diminished at the end of the experiment (OD750 of 0.51, compared to ~1.15 of
other mutants and the wild-type). The differences between our study and that of Damrow et al. [8]
thus may result from differences in cell lysis rather than from differences in PHB synthesis. When the
relatively low cell density of the glgC mutant is considered, it produces much less PHB per volume
compared to the wild-type.

2.2. Impact of Glycogen Degradation on PHB Production

If glycogen turn-over would result in PHB accumulation during chlorosis, synthesis of PHB
should be abrogated when glycogen degradation is impaired. To test this assumption, mutants in
catabolic glycogen phosphorylase genes (glgP) were investigated with the same methods as described
above. Glycogen can be degraded by the two glycogen phosphorylase isoenzymes, encoded by glgP1
(slr1356) and glgP2 (slr1367) [7]. A detailed study by Doello et al. [7] showed that GlgP2 is the main
enzyme responsible for glycogen degradation during resuscitation from nitrogen chlorosis. Knocking
out GlgP1 (∆glgP1) does not affect the efficiency of recovery, whereas knocking out GlgP2 (∆glgP2)
or both phosphorylases (∆glgP1/2) completely impairs the ability to degrade glycogen [7]. Here, we
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investigated glycogen and PHB accumulation during three weeks of nitrogen starvation in these
glycogen phosphorylases mutants.

Although the initial amount of glycogen was higher in the glgP1 mutant compared to the WT
(Figure 4B), the amount decreased during the course of the experiment. By contrast, no glycogen
degradation occurred in the ∆glgP2 and ∆glgP1/2 double mutant. This correlates with the specific
requirement of chlorotic cells for GlgP2 for resuscitation from nitrogen starvation, as it has been
previously described [7].
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Figure 4. PHB content in percentage of cell dry weight (CDW) (A) and glycogen content (B) of
mutants impaired in the glycogen degradation. Cultures were shifted to nitrogen free medium at
day 0 and were subsequently grown for 21 days. Each point represents a mean of three independent
biological replicates.

Intriguingly, the different mutants showed a drastic difference in the amounts of PHB being
produced (Figure 4A): While the ∆glgP1 strain produced similar amounts of PHB as the wild-type,
a strong decrease was observed for the ∆glgP2 strain. The same phenotype was observed for the
double knockout mutant, indicating that origin of the effect is based on the absence of glgP2. The PHB
synthesis phenotypes were further confirmed by fluorescence microscopy after staining PHB with
Nile red (Figure 5). PHB granules appear as bright red fluorescing intracellular granular structures.
In agreement with the results from PHB quantification by HPLC analysis, the ∆glgP1 strain showed
similar amounts and distribution of PHB granules than the wild-type. By contrast, only very small
granules, if at all visible, could be detected in the strains ∆glgP2 and ∆glgP1/2.

Altogether, the inability of the mutants ∆glgP2 and ∆glgP1/2 to accumulate PHB demonstrates
unequivocally that glycogen catabolism through GlgP2 is required for the ongoing PHB synthesis
during prolonged nitrogen starvation.

2.3. Impact of Mutations in Carbon Catabolic Pathway on PHB Production

The experiments outlined above revealed that specific glycogen synthesizing or degrading
enzymes have a strong effect on the amounts of PHB being produced and that glycogen turn-over
via GlgP2 provides the carbon skeletons for PHB synthesis. To investigate how the released glucose
phosphate molecules are metabolized downstream of glycogen, knockouts of the three most important
glycolytic routes [25] were checked for their PHB and glycogen production during chlorosis. While the
strain ∆eda (sll0107) lacks the ability to metabolize molecules via the ED pathway, ∆gnd is not able to
use the OPP pathway. Additionally, the strain ∆pfk1/2 lacks both phosphofructokinases, which causes
an interruption of the EMP pathway. Also, the individual knockouts of both isoforms, ∆pfk1 and ∆pfk2,
were investigated.
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Figure 5. Fluorescence microscopic picture of Nile-red stained PHB granules in chlorotic cells. Cultures
where grown for 14 days in nitrogen depleted medium BG110. Shown is an overlay of phase contrast
with a CY3 channel of the WT (A), ∆glgP1 (B), ∆glgP2 (C) and ∆glgP1/2 (D). Scale bar corresponds to
7.5 µm.

Again, the different mutant strains and a WT control were grown for three weeks under nitrogen
deprived conditions and PHB and glycogen content was quantified (Figure 6).
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mutants with disrupted carbon pathway. Cultures were shifted to nitrogen free medium at day 0
and were subsequently grown for 21 days. Each point represents a mean of three independent
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Distortion of the ED pathway (∆eda) did not result in any PHB phenotype different from the WT
and the glycogen content remained high during the course of the experiment. In the ∆gnd mutant,
a slower increase of PHB than in the WT was observed within the first ten days (Figure 6A) and PHB
accumulation subsequently ceased. When the EMP pathway was blocked (∆pfk1/2), only very little
PHB was produced in the first two weeks of the chlorosis. Thereafter though, PHB production slightly
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increased and finally reached similar levels as in the ∆gnd mutant. The total amount of glycogen over
the time of chlorosis did not decrease in this mutant. The single ∆pfk mutants showed PHB contents
similar to the WT, indicating that the two isoenzymes are able to replace each other’s function. Taken
together, it appears that EMP and OPP pathways contribute to PHB production, whereas the ED
pathway does not play a role.

2.4. Impact of PHB Formation on Glycogen Synthesis

In order to check how the PHB production affects the accumulation of glycogen, a PHB-free
mutant, namely ∆phaEC, was checked for its production of carbon polymers (Figure 7).
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As expected, the mutant was unable to synthesize PHB (data not shown [8]). Compared to the WT,
the mutant produced moderately higher amounts of glycogen and degrades it slightly faster, so that at
the end of the experiments, the glycogen levels were quite similar.

3. Discussion

As recently shown by isotope labeling experiments [23], the majority of the carbon from PHB
is coming from intracellular metabolites, which contribute around 74% to the carbon within PHB.
Additionally, a random mutagenized strain, which is an overproducer of PHB, shows also a strongly
accelerated decay of glycogen [30]. Here, we provide clear evidence that the intracellular glycogen
pool and its products provide the carbon metabolites for PHB synthesis during nitrogen starvation. In
the absence of glycogen degradation, as it is the case in the ∆glgP2 and the ∆glgP1/2 double mutant,
PHB synthesis is almost completely abrogated. In the ∆glgP2 mutant, the remaining GlgP1 enzyme
is apparently not efficiently catabolizing glycogen, which agrees with its lack of function for the
resuscitation from chlorosis. By contrast, GlgP2 is required for glycogen catabolism and resuscitation
from chlorosis [7]. From these data, it is reasonable to hypothesize that during chlorosis, GlgP2 slowly
degrades glycogen, and the degradation products end up in the PHB pool.

Like the two glycogen phosphorylase isoenzymes, the two glycogen synthase isoenzymes GlgA1
and GlgA2 appear to have specialized functions. Even though both ∆glgA1 and ∆glgA2 synthesized
similar amounts of glycogen, deletion of glgA1 resulted in a mutant with reduced bleaching, viability
and PHB content whereas ∆glgA2 was less affected. This indicates that glycogen produced by GlgA1
is important for resuscitation and growth. On the other hand, GlgA2 produced glycogen appeared
less important or its function is yet unknown. Previous publications did not see such a difference,
which may be explained by a much shorter time of nitrogen starvation used in their study [6]. Taken
together, those mutants (glgP2 and ∆glgA1) that were less viable under nitrogen starvation, did also



Int. J. Mol. Sci. 2019, 20, 1942 9 of 14

synthesize less PHB. It remains to be demonstrated, if the different impact that GlgA1 and GlgA2 exert
on viability and PHB synthesis originates from the slightly different branching patterns [28] of the
glycogen, that they synthesize.

In the ∆glgC mutant, PHB is formed, although no glycogen is produced (Figure 3), which seems
to contradict the hypothesis of glycogen-derived PHB [8,28]. Taking into account the above results,
it appears likely that the carbon metabolites used for PHB can under certain conditions bypass the
glycogen pool. When glgC is knocked out, glucose-1P (and its precursor, glucose-6P) cannot be further
converted into ADP-glucose and may accumulate. The glucose-phosphates could then be downstream
metabolized to glyceraldehyde-3P and further converted into PHB. By contrast, when glgA1 is mutated,
the newly fixed carbon can be converted by GlgC to ADP-glucose and subsequently enters the
GlgA2-synthesized inactive glycogen pool, where it cannot be further metabolized into PHB. A similar
connection between PHB and glycogen has already been described in other organisms (Sinorhizobium
meliloti), where PHB levels were lower in a mutant lacking glgA1 [31]. Since the GlgA1/GlgA2 double
mutant rapidly dies upon nitrogen starvation [6], the impact of the complete absence of glycogen due
to glycogen synthase deficiency on PHB synthesis cannot be experimentally tested.

Furthermore, we observed that a slower degradation of glycogen often correlates with a
low-PHB-phenotype, as seen in the case of ∆glgA1, ∆glgP2, ∆glgP1/2 and ∆pfk1/2 (Figures 3, 4
and 6, respectively). This further supports the hypothesis, that only when glycogen gets degraded
during the process of chlorosis, PHB is formed. In two cases, ∆glgP1/2 and ∆pfk1/2, the amount of
glycogen was even increasing during the later course of nitrogen starvation. This hints towards
an ongoing glycogen formation during nitrogen chlorosis, which gets only visible once glycogen
degradation is disturbed. Apparently, glycogen metabolism is much more dynamic than presumed
from the relative static pool size observed in the wild-type. A steady glycogen synthesis may be
counterbalanced by ongoing degradation, together resulting in only a slow net change of its pool size.

The residual metabolism in nitrogen starved chlorotic cells [9,32] is probably required to ensure
long-term survival through repair of essential biomolecules such as proteins, DNA and RNA,
osmoregulation, regulated shifts in metabolic pathways and the preparation for a quick response as
soon as nutrients are available again [33,34]. According to these needs, non-growing starved cells still
require a constant supply of ATP, reduction equivalents and the ability to produce cellular building
blocks for survival. In line with this, we observed that PHB production was mainly achieved via the
EMP pathway, which has the highest ATP yield among the three main carbon catalytic pathways (EMP,
OPP, ED). In addition, we found that the OPP pathway is involved in PHB synthesis as well. This
pathway provides metabolites for biosynthetic purposes as the repair of biomolecules for maintenance.
By contrast, deletion of the ED pathway, which has a lower ATP yield in comparison to the EMP
pathway and is physiologically probably most important in connection with photosynthesis and the
Calvin–Benson cycle [7,25], did not impair PHB production under nitrogen starvation. Nevertheless,
the glycogen levels did not decrease in the ∆gnd mutant, implying that mutation of the ED pathway
affects the dynamics of glycogen turn-over discussed above.

Finally, we observed that the various carbon catabolic pathways have different functional
importance for PHB production, in a time-dependent manner: While the mutant ∆gnd (blocking the
OPP pathway) produced PHB in the first phase of the experiment but later stopped its synthesis, the
∆pfk1/2 mutant (impaired in the EMP pathway) was initially blocked in PHB accumulation but later
started to produce it (Figure 4). Interestingly, the time point, at which the ∆gnd mutant stopped PHB
production matched its start in the ∆pfk1/2 mutant. This could indicate a consecutive role of EMP and
OPP pathway during nitrogen chlorosis. Although the exact function of the EMP pathway remains
unknown, we show here for the first time a phenotype of a cyanobacterial mutant lacking this pathway.
This suggested to also investigate the deletion of the individual knockouts. Deletion of only one of the
Pfk isoenzymes (pfk1: sll1196 and pfk2: sll0745) resulted in mutants that produced about 80% of the
PHB of WT cells, whereas the PHB production of the double mutant ∆pfk1/2 was severely reduced.
Pfk1 and Pfk2 can thus obviously compensate for the loss of the respective other, even though PHB
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production is highest if both enzymes are present. This observation is well in line with transcriptomic
studies, which detected an increase in expression of both Pfk isoenzymes during nitrogen starvation [5].
The observation that both EMP and OPP pathway are of importance during arrested growth under
nitrogen starvation is in agreement with earlier investigations that reported the upregulation of the
sugar catabolic genes pfk1, pfk2, zwf, gnd and gap1 concomitantly with glycogen accumulation [5,35].
EMP and OPP pathway thus support PHB production in non-growing, nitrogen-starved cells, whereas
ED and OPP pathway are most important during resuscitation form nitrogen chlorosis after feeding
the cells with nitrate [7].

The mutant ∆phaEC did not produce any PHB and degraded glycogen similarly to the WT
(Figure 7). This indicates that there is no direct feedback between these two polymer pools. In the
absence of PHB synthesis, metabolites form glycogen degradation could be leaked by overflow
reactions. Under unbalanced metabolic situations, it has been shown that cyanobacteria can excrete
metabolites into the medium to control their intracellular energy status [6,36,37]. In any case, this
result demonstrates that PHB and glycogen do not compete for CO2 fixation products, but glycogen is
epistatic over PHB synthesis.

Previous studies showed that, under nitrogen starvation, certain genes are upregulated, which
are under the regulation of SigE, a group 2 σ factor [38]. Among these genes are glycogen degrading
enzymes like glgP1 and glgP2 and glgX, but also the key enzymes for the pathways further downstream,
namely pfk and gnd. The fact that all these genes are expressed simultaneously with the genes of
the PHB synthesis [9], demonstrate that all relevant transcripts of the key enzymes required for the
conversion from glycogen to PHB are present during nitrogen starvation. Our finding that PHB is
mainly synthesized from glycogen degradation during nitrogen chlorosis is supported by a recent
study, where a Synechocystis sp. PCC 6714 strain with enhanced PHB accumulation was created by
random mutagenesis. Transcriptome analysis revealed that this strain exhibits an increased expression
of glycogen phosphorylase [21]. This indicates that manipulation of glycogen metabolism may be a
key for improved PHB synthesis.

Gaining further insights into the intracellular carbon fluxes could provide more information on
how PHB production is regulated. Once the regulation is understood, this knowledge could be used to
redirect the large quantities of glycogen towards PHB. This knowledge could be used in metabolic
engineering approaches to either completely reroute the carbon from glycogen (making up more than
60% of the CDW) to PHB, for example by overexpression of glycogen degrading enzymes, or even
from inorganic carbon to PHB directly. Therefore, the new insights from this work can be exploited for
biotechnological applications to further increase the amounts of PHB being produced in cyanobacteria.

4. Materials and Methods

4.1. Cyanobacterial Cultivation Conditions

For standard cultivation, Synechocystis sp. PCC 6803 cells were grown in 200 mL BG11 medium,
supplemented with 5 mM NaHCO3 [39]. A list of the used strains of this study is provided in Table A1.
Two different wild-type strains, a Glc sensitive and a Glc tolerant one, were used. Both strains showed
the same behavior during normal growth as well as during chlorosis. Appropriate antibiotics were
added to the different mutants to ensure the continuity of the mutation. The cells were cultivated
at 28 ◦C, shaking at 120 rpm and constant illumination of 40–50 µmol photons m−2 s−1. Nitrogen
starvation was induced as described previously [40]. In short, exponentially growing cells (OD 0.4–0.8)
were centrifuged for 10 min at 4000× g. The cells were washed in 100 mL of BG0 (BG11 medium
without NaNO3) before they were centrifuged again. The resulting pellet was resuspended in BG0

until it reached an OD of 0.4.
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4.2. Microscopy and Staining Procedures

To observe PHB granules within the cells, 100 µL of cyanobacterial cells were centrifuged (1 min at
10,000× g) and 80 µL of the supernatant discarded. Nile Red (10 µL) was added and used to resuspend
the pellet in the remaining 20 µL of the supernatant. From these mixtures, 10 µL were taken and
applied on an agarose coated microscope slide to immobilize the cells. The Leica DM5500B microscope
(Leica, Wetzlar, Germany) was used with a 100× /1.3 oil objective for fluorescence microscopy. To detect
Nile red stained PHB granules, an excitation filter BP 535/50 was used, together with a suppression
filter BP 610/75. A Leica DFC360FX (Leica, Wetzlar, Germany)) was used for image acquisition.

4.3. PHB Quantification

PHB content within the cells was determined as described previously [41]. Roughly 15 mL of cells
were harvested and centrifuged at 4000× g for 10 min at 25 ◦C. The resulting pellet was dried for 3 h at
60 ◦C in a speed-vac (Christ, Osterode, Germany), before 1 mL of concentrated H2SO4 was added and
boiled for 1 h at 100 ◦C to break up the cells and to convert PHB to crotonic acid. From this, 100 µL were
taken and diluted in 900 µL 0.014 M H2SO4. To remove cell debris, the samples were centrifuged for
10 min at 10,000× g, before 500 µL of the supernatant were transferred to 500 µL 0.014 M H2SO4. After an
additional centrifugation step with the same conditions as above, the supernatant was used for HPLC
analysis on a Nucleosil 100 C 18 column (Agilent, Santa Clara, CA, USA) (125 by 3 mm). As a liquid
phase, 20 mM phosphate buffer (pH 2.5) was used. Commercially available crotonic acids was used as a
standard with a conversion ratio of 0.893. The amount of crotonic acid was detected at 250 nm.

4.4. Glycogen Quantification

Intracellular glycogen content was measured by harvesting 2 mL of cyanobacterial culture. The
cells were washed twice with 1 mL of ddH2O. Afterwards the pellet was resuspended in 400 µL KOH
(30% w/v) and incubated for 2 h at 95 ◦C. For the subsequent glycogen precipitation, 1200 µL ice cold
ethanol (final concentration of 70%) were added. The mixture was incubated at –20 ◦C for 2–24 h. Next,
the solution was centrifuged at 4 ◦C for 10 min at 10,000× g. The pellet was washed twice with 70% and
98% ethanol and dried in a speed-vac for 20 min at 60 ◦C. Next, the pellet was resuspended in 1 mL of
100 mM sodium acetate (pH 4.5) and 8 µL of an amyloglucosidase solution (4.4 U/µL) were added.
For the enzymatic digest, the cells were incubated at 60 ◦C for 2 h. For the spectrometical glycogen
determination, 200 µL of the digested mixture was used and added to 1 mL of O-toluidine-reagent
(6% O-toluidine in 100% acetic acid). The tubes were incubated for 10 min at 100 ◦C. The samples were
cooled down on ice for 3 min, before the OD635 was measured. The final result was normalized to the
cell density at OD750, where OD750 = 1 represents 108 cells. A glucose standard curve was used to
calculate the glucose contents in the sample from their OD540.

4.5. Drop Agar Method

Serial dilutions of chlorotic cultures were prepared (100, 10−1, 10−2, 10−3, 10−4 and 10−5) starting
with an OD750 of 1. Five microliters of these dilutions were dropped on solid BG11 agar plates and
cultivated at 50 µmol photons m−2 s−1 and 27 ◦C for 7 days.
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Appendix A

Table A1. List of used strains.

Strain Background Relevant Marker of
Genotype Reference

Synechocystis sp. PCC 6803 GS GS - Pasteur culture collection

Synechocystis sp. PCC 6803 GT GT - Chen et al. 2016

∆glgA1 GT sll0945::kmR Gründel et al. 2012

∆glgA2 GT sll1393::cmR Gründel et al. 2012

∆glgC GT slr1176::cmR Damrow et al. 2012

∆glgP1 GS sll1356::kmR Doello et al. 2018

∆glgP2 GS slr1367::spR Doello et al. 2018

∆glgP1/2 GS sll1356::kmR, slr1367::spR Doello et al. 2018

∆eda GT sll0107::gmR Chen et al. 2016

∆gnd GT sll0329::gmR Chen et al. 2016

∆pfkB1/2 GT sll1196::kmR, sll0745::spR Chen et al. 2016

∆phaEC GS slr1829, slr1830::kmR Klotz et al. 2016
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PII signal transduction proteins are widely spread among all domains of life where
they regulate a multitude of carbon and nitrogen metabolism related processes. Non-
diazotrophic cyanobacteria can utilize a high variety of organic and inorganic nitrogen
sources. In recent years, several physiological studies indicated an involvement of the
cyanobacterial PII protein in regulation of ammonium, nitrate/nitrite, and cyanate uptake.
However, direct interaction of PII has not been demonstrated so far. In this study,
we used biochemical, molecular genetic and physiological approaches to demonstrate
that PII regulates all relevant nitrogen uptake systems in Synechocystis sp. strain
PCC 6803: PII controls ammonium uptake by interacting with the Amt1 ammonium
permease, probably similar to the known regulation of E. coli ammonium permease
AmtB by the PII homolog GlnK. We could further clarify that PII mediates the ammonium-
and dark-induced inhibition of nitrate uptake by interacting with the NrtC and NrtD
subunits of the nitrate/nitrite transporter NrtABCD. We further identified the ABC-type
urea transporter UrtABCDE as novel PII target. PII interacts with the UrtE subunit without
involving the standard interaction surface of PII interactions. The deregulation of urea
uptake in a PII deletion mutant causes ammonium excretion when urea is provided as
nitrogen source. Furthermore, the urea hydrolyzing urease enzyme complex appears to
be coupled to urea uptake. Overall, this study underlines the great importance of the PII

signal transduction protein in the regulation of nitrogen utilization in cyanobacteria.

Keywords: PII signaling protein, GlnB, cyanobacteria, nitrogen regulation, nitrate uptake, ammonium uptake, urea
uptake, ABC transporters

INTRODUCTION

The emergence of the oxygenic photosynthesis by ancestors of present cyanobacteria (Soo
et al., 2017) laid the ground for the evolution of present days life on planet earth. Until
today, cyanobacteria occupy a high variety of illuminated habitats, where they represent one
of the most abundant primary producers (Whitton, 2012). Accordingly, cyanobacteria are
essential contributors to the global carbon cycle. Many cyanobacterial strains have acquired the
ability to fix atmospheric nitrogen, making them key players in the global nitrogen turnover
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(Herrero and Flores, 2008). Nitrogen represents a necessary
macronutrient for all living organisms and therefore constitutes
an important growth-limiting factor in most ecosystems
(Vitousek and Howarth, 1991). The regulation of nitrogen
metabolism in cyanobacteria mainly depends on the fine-tuned
network of the signal transduction protein PII, the global
nitrogen transcription factor NtcA and the NtcA co-activator
PipX (Vegapalas et al., 1992; Espinosa et al., 2006, 2007,
2014; Forchhammer, 2008; Luque and Forchhammer, 2008;
Forcada-Nadal et al., 2018).

PII signal-transduction proteins are widespread in all three
domains of life, where they represent one of the largest and most
ancient families of signaling proteins (Chellamuthu et al., 2013;
Forchhammer and Luddecke, 2016). PII proteins are involved in
the regulation of various nitrogen- and carbon-anabolic processes
(Forchhammer, 2004, 2008). Canonical PII proteins are homo-
trimeric with three characteristic loop regions, designated as B-,
C-, and T-loops, which compose the effector molecule binding
sites (Cheah et al., 1994; Xu et al., 2003; Forchhammer, 2004,
2008; Llacer et al., 2007; Fokina et al., 2010a; Zhao et al., 2010;
Zeth et al., 2014). The large surface exposed T-loop is the
prevailing protein interaction module of PII. The PII proteins
sense the energy status of the cell by the competitive binding of
ADP or ATP (Zeth et al., 2014). Binding of ATP and synergistic
binding of 2-oxoglutarate (2-OG) allows PII to sense the current
carbon/nitrogen status of the cell (Fokina et al., 2010a). 2-OG
is an intermediate of the TCA-cycle that provides the carbon
skeleton for inorganic nitrogen incorporation by the glutamine
synthetase/glutamate synthase (GS/GOGAT) cycle. Due to this,
2-OG links carbon and nitrogen metabolism and acts as an
indicator for the intracellular carbon/nitrogen balance (Muro-
Pastor et al., 2001; Fokina et al., 2010a). Besides effector molecule
binding, post-translational modification of PII represents a
second level of regulation (Forchhammer et al., 2004; Merrick,
2014). Depending on nitrogen availability, cyanobacterial PII can
be phosphorylated at the apex of the T-loop at position Ser49
(Forchhammer and Tandeau de Marsac, 1995; Forchhammer and
Hedler, 1997). In other prokaryotes, like E. coli, PII is modified
by uridylylation in response to nitrogen availability instead of
phosphorylation (Jiang et al., 1998). Binding of effector molecules
as well as post-translational modifications lead to various PII
conformations. Depending on the conformational state, PII
can interact with a variety of interaction partners and thereby
regulate the cellular C/N balance (Radchenko and Merrick,
2011; Forchhammer and Luddecke, 2016). In cyanobacteria, PII
indirectly regulates the global nitrogen control transcriptional
factor NtcA through binding of the NtcA co-activator PipX
(Espinosa et al., 2007). In common with other bacteria, the
cyanobacterial PII protein can control the acetyl-CoA levels by
interacting with the biotin carboxyl carrier protein (BCCP) of
acetyl-CoA carboxylase (ACC) (Hauf et al., 2016). Furthermore,
PII regulates arginine biosynthesis by interacting with the enzyme
N-acetylglutamate kinase (NAGK), which catalyzes the rate-
limiting step of this pathway (Caldovic and Tuchman, 2003;
Heinrich et al., 2004; Llacer et al., 2007; Watzer et al., 2015).
If sufficient energy and nitrogen is available, indicated by a
high intracellular ATP and low 2-OG level, non-phosphorylated

PII interacts with NAGK, enhancing its catalytic efficiency and
relieving it from feedback inhibition by arginine (Heinrich et al.,
2004; Maheswaran et al., 2004; Llacer et al., 2007). At high
intracellular arginine levels, the carbon/nitrogen storage polymer
cyanophycin (multi-L-arginyl-poly-L-aspartate) accumulates in
Synechocystis sp. strain PCC 6803 (hereafter Synechocystis)
(Maheswaran et al., 2006; Watzer et al., 2015). A PII variant
was identified with a single amino acid substitution, Ile86 to
Asn86 [thereafter referred as PII(I86N)], which constitutively
binds NAGK in vitro (Fokina et al., 2010b). Replacing the wild-
type PII with a I86N variant in Synechocystis generated a mutant
strain, which strongly overproduced arginine and cyanophycin
(Watzer et al., 2015). On the other hand, the PII(I86N) strain
showed a growth defect in ammonium-supplemented medium
(Watzer et al., 2015).

Cyanobacteria use nitrogen sources in a hierarchical order,
with ammonium being the preferred nitrogen source. As a
consequence, when ammonium is provided together with other
suitable nitrogen sources, ammonium will be utilized first (Muro-
Pastor et al., 2005). In most natural habitats, the ammonium
availability is low, so that high affinity ammonium permeases
are required for efficient ammonium uptake (Rees et al., 2006).
In Synechocystis, the Amt1 permease is mainly responsible
for ammonium uptake (Montesinos et al., 1998). However,
elevated intracellular ammonium concentrations are toxic to
the cells (Drath et al., 2008; Dai et al., 2014), and therefore,
ammonium transport must be tightly controlled. The ammonium
transporter family (Amt) is widespread among all domains of
life (Wirén and Merrick, 2004). In E. coli, the PII homolog GlnK
regulates the ammonium permease AmtB by direct protein–
protein interaction. Under ammonium excess conditions, ADP-
complexed GlnK blocks an uncontrolled influx of ammonium by
inserting the apex of the T-loop into the cytoplasmic exit pores of
AmtB (Conroy et al., 2007).

For the assimilation of nitrate, an active nitrate transporter,
a nitrate reductase (NR) and a nitrite reductase (NiR)
are required (Ohashi et al., 2011). Two types of nitrate
transporter systems have been found among cyanobacteria,
a high-affinity nitrate/nitrite permease NrtP and the ABC-
type transporter NrtABCD (NRT) (Omata et al., 1993; Luque
et al., 1994; Sakamoto et al., 1999; Ohashi et al., 2011). NRT
is a bispecific nitrate/nitrite transporter showing high affinity
for both substrates (Maeda and Omata, 1997). Intracellular
nitrate is first reduced to nitrite by NR and subsequently
reduced to ammonium by NiR. Subsequently, ammonium is
assimilated in the GS/GOGAT cycle (Flores and Herrero, 1994).
Both, NR and NiR, use photosystem I reduced ferredoxin
as an electron donor, indicating a coupling of photosynthesis
and nitrate assimilation (Manzano et al., 1976; Flores and
Herrero, 1994). Addition of ammonium to nitrate adapted
cells results in an immediate inhibition of nitrate uptake
and a repression of proteins involved in nitrate assimilation
(NR and NiR). The ammonium-induced inhibition of NRT is
regulated by the PII protein and the C-terminal domain of
NrtC (Kobayashi et al., 1997; Lee et al., 1998). Phosphomimetic
variants of PII and a PII phosphatase (PphA) deletion
mutant, in which PII is constitutively phosphorylated, showed
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ammonium promoted inhibition of nitrate uptake like the
wild-type (Lee et al., 2000; Kloft and Forchhammer, 2005).
However, this response was abolished in a PII deficient mutant
(Kloft and Forchhammer, 2005).

The ability to utilize urea as nitrogen source is widely
distributed among bacteria, fungi and algae (Baker et al.,
2009; Solomon et al., 2010; Esteves-Ferreira et al., 2018). In
common with other bacteria, the cyanobacteria Synechocystis
and Anabaena sp. PCC 7120 possess a high affinity urea
ABC-type transporter, which is capable of urea import at
concentrations lower than 1 µM (Valladares et al., 2002). The
gene cluster urtABCDE, encoding all subunits of this ABC-type
urea transporter, is transcriptionally controlled by the global
transcription factor NtcA (Valladares et al., 2002).

The present study was inspired by the phenotype of
the cyanophycin-accumulating strain variant Synechocystis
PII(I86N), which was impaired in ammonium utilization.
Starting with analyzing a possible regulation of the cyanobacterial
Amt1 permease by PII, we found additional evidence for a direct
regulation of the nitrate/nitrite transporter NrtABCD and
the urea transporter UrtABCDE by the PII signaling protein
during this study.

MATERIALS AND METHODS

Cultivation Conditions
Standard cloning procedures were performed in Escherichia coli
NEB 10-beta (NEB). Strains were grown in LB-medium at 37◦C
with constant shaking at 300 rpm.

Synechocystis strains were grown photoautotrophically in
BG-11 medium supplemented with 5 mM NaHCO3 and nitrate,
ammonium, or urea as nitrogen source (Rippka et al., 1979).
BG-11 agar plates were produced by adding 1.5% (w/v) Bacto-
agar (Difco), 0.3% (w/v) sodium thiosulfate pentahydrate and
10 mM TES-NaOH pH 8 (Roth) to liquid BG-11 medium.
Antibiotics were added when required. Cultivation of liquid
cultures for physiological experiments occurred in 50, 100,
or 500 mL Erlenmeyer flasks, at 28◦C and with constant shaking
of 120 rpm. Cultures were continuously illuminated with a
photon flux rate of 40–50 µE. Growth rates were determined by
measuring the optical density at 750 nm (OD750).

For induction of nitrogen starvation conditions, exponentially
growing cells (OD750 0.4–0.8) were harvested by centrifugation
(3,000 × g for 10 min at room temperature), washed and
resuspended in BG-11 medium lacking a suitable nitrogen
source (BG-110).

For spot assays (drop plate method), Synechocystis cultures
were adjusted to an OD750 of 1. A dilution series to the power
of 10 was made using BG-110. Then, 5 µL of every dilution
step (100–10−4) were dropped on BG-11 agar plates. Plates were
cultivated at 28◦C with constant illumination of 40 µmol of
photons s−1 m−2.

Bacterial Two-Hybrid Assay
Plasmids were constructed by PCR amplification using high-
fidelity Q5 polymerase (NEB) and oligonucleotides with

overlapping regions. Genomic Synechocystis DNA or plasmids
served as templates. PCR fragments were inserted in linearized
bacterial two-hybrid vectors pUT18 and pKT25 containing the
genes for either the T18 or T25 subunit of the adenylate cyclase
CyaA (Karimova et al., 2001) by isothermal, single-reaction
DNA assembly according to Gibson et al. (2009). Since the
multiple cloning site of pKT25 is located downstream of the
T25 subunit, allowing only N-terminal localization of the tag,
we constructed plasmid pKT25n (Table 1; pKT25n_fw and
pKT25n_rev) to achieve a C-terminal fusion of the tag to the gene
of interest. Therefore, plasmid pKT25 was linearized using PCR
and the gene of interest was fused upstream of the T25 subunit.
Primers, plasmids, and strains used in this study are listed
in Tables 1–3, respectively.

Escherichia coli BTH101 cells were co-transformed with
plasmid pUT18 and plasmid pKT25 or pKT25n (Table 2).
Plasmids pKT25 or pKT25n contained the possible PII
interaction partner fused N- or C-terminal to the T25 subunit.
Plasmid pUT18 contains a gene-fusion of the PII-encoding glnB
gene or a genetically modified glnB gene containing the I86N
mutation [Ile (5′ATC) at codon position 86 to Asn (5′AAC)]
(Watzer et al., 2015), the R9L mutation [Arg (5′CGC) at codon
position 9 to Leu (5′CTG)] (Fokina et al., 2010a) or the S49D
mutation [Ser (5′TCG) at codon position 49 to Asp (5′GAT)]
(Lee et al., 2000) with the T18 subunit. The glnB gene and
the modified glnB genes were always fused N-terminal with
the T18 subunit. Co-transformants were plated on LB-plates
(supplemented with 100 µg mL−1 ampicillin and 50 µg mL−1

kanamycin) and cultivated for 2 days at 30◦C.
To reduce the level of heterogeneity, five clones from each

plate were picked to inoculate 5 mL LB-medium (containing
100 µg mL−1 ampicillin and 50 µg mL−1 kanamycin). Cultures
were cultivated overnight at 37◦C. Overnight cultures were
diluted 1:100 in 3 mL of fresh LB-medium (containing 100 µg
mL−1 ampicillin and 50 µg mL−1 kanamycin) and grown to an
OD600 of 0.7. Three µL of each culture were plated on X-Gal
(containing 100 µg mL−1 ampicillin, 50 µg mL−1 kanamycin,
1 mM IPTG, 40 µg mL−1 X-Gal) and MacConkey (containing
100 µg mL−1 ampicillin, 50 µg mL−1 kanamycin, 1 mM IPTG,
1% maltose) reporter plates. Reporter plates were incubated for
3–4 days at 25◦C.

Construction and Cultivation of
Synechocystis PII-3xFLAG Tag Strains
The previously described pPD-NFLAG and pPD-CFLAG
plasmids were used to construct Synechocystis PII (GlnB) fusion
proteins with an N- or C-terminal 3xFLAG tag, respectively
(Hollingshead et al., 2012; Chidgey et al., 2014). Together with a
kanamycin resistance cassette, this construct was inserted in the
Synechocystis wild-type genome by homologous recombination,
replacing the psbAII gene (Chidgey et al., 2014). Transformants
were selected and segregated by kanamycin resistance. For
pull-down experiments, 2 L batch cultures were inoculated at
OD750 = 0.2 in BG-11 medium and propagated as described
above, with magnetic stirring at 120 rpm and bubbling with
2% CO2 (v/v) supplemented ambient air. Cell harvesting was
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TABLE 1 | Oligonucleotides used in this study.

Primer Sequence (5′–3′ direction)

pKT25n_fw ACCATGCAGCAATCGCATCAG

pKT25n_rev CATAGCTGTTTCCTGTGTGAAATTG

glnB_fw TGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGAAAAAAGTAGAAGCGATTATTC

glnB_rev CTCGCTGGCGGCTGAATTCGAGCTCGGTACCCGGGGATCAATAGCTTCGGTATCCTTTTC

pipX_fw TTCACACAGGAAACAGCTATGAGTAACGAAATTTACCTTAAC

pipX_rev GATGCGATTGCTGCATGGTAAAAGTGTTTTTATGTAACTTTG

pipX_pKT25n_fw AAGTTACATAAAAACACTTTTACCATGCAGCAATCGCATCAG

pipX_pKT25n_rev TAAGGTAAATTTCGTTACTCATAGCTGTTTCCTGTGTGAAATTG

amt1_pKT25_fw CTGGCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGATGTCTAATTCGATATTGTCTAAAC

amt1_pKT25_rev AAAACGACGGCCGAATTCTTAGTTACTTAGGTACCCGGGGATCTTATTCAGGGACAGTGG

amt1_fw AACAATTTCACACAGGAAACAGCTATGTCTAATTCGATATTGTCTAAAC

amt1_rev TGATGCGATTGCTGCATGGTTTCAGGGACAGTGGCACCG

amt1_pKT25n_fw TCTCCGGTGCCACTGTCCCTGAAACCATGCAGCAATCGCATC

amt1_pKT25n_rev ACAATATCGAATTAGACATAGCTGTTTCCTGTGTGAAATTGTTATCCGC

nrtC_pKT25_fw CGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCCCTTCATTGAAATTGATCATGTTG

nrtC_pKT25_rev AGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATTGATTAACTTGATCAATTTGGTCGATGAG

nrtC_fw AATTTCACACAGGAAACAGCTATGCCCTTCATTGAAATTGATCATG

nrtC_rev CTGATGCGATTGCTGCATGGTTTGATTAACTTGATCAATTTGG

nrtC_pKT25n_fw AAATTGATCAAGTTAATCAAACCATGCAGCAATCGCATCAG

nrtC_pKT25n_rev TCAATTTCAATGAAGGGCATAGCTGTTTCCTGTGTGAAATTG

nrtD_pKT25_fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCAAACAATGAATGTCAATGACCCTATCC

ntrD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTAAGACCCTTCCATGGATTCCACTGAGGGGGTAG

nrtD_fw AATTTCACACAGGAAACAGCTATGCAAACAATGAATGTCAATGACCCTATC

nrtD_rev CTGATGCGATTGCTGCATGGTAGACCCTTCCATGGATTCCACTGAG

nrtD_pKT25n_fw TGGAATCCATGGAAGGGTCTACCATGCAGCAATCGCATCAG

nrtD_pKT25n_rev ATTGACATTCATTGTTTGCATAGCTGTTTCCTGTGTGAAATTG

urtD_pKT25_fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCACCAGCAAAATCTTAGAAATTCAAG

urtD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGCTAATCTCCATCCTCATCAAC

urtD_fw ACACAGGAAACAGCTATGACCAGCAAAATCTTAGAAATTCAAGAC

urtD_rev GATGCGATTGCTGCATGGTATCTCCATCCTCATCAACACTG

urtD_pKT25n_fw AGTGTTGATGAGGATGGAGATACCATGCAGCAATCGCATCAG

urtD_pKT25n_rev TTCTAAGATTTTGCTGGTCATAGCTGTTTCCTGTGTGAAATTG

urtE_fw GCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATGCTATGTTATCCTTTCCCCCATTCTTG

urtE_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATACTGCCAAAAATTTTTGGATAAC

urtE_fw ACAATTTCACACAGGAAACAGCTATGGCTATGTTATCCTTTCCC

urtE_rev TGATGCGATTGCTGCATGGTTACTGCCAAAAATTTTTGGATAACC

urtE_pKT25n_fw TATCCAAAAATTTTTGGCAGTAACCATGCAGCAATCGCATCAG

urtE_pKT25n_rev GGGAAAGGATAACATAGCCATAGCTGTTTCCTGTGTGAAATTG

performed at OD750 = 0.6 by mixing the cultures with ice in a 2:1
ratio (w/w) for rapid metabolic inactivation, and centrifugation at
7,477× g for 10 min. Cell pellets were subsequently washed with
nitrogen-free BG-110 at 4◦C and snap frozen in liquid nitrogen.
For experimental controls, the wild-type strain was similarly
cultivated and subjected to pull-down assays followed by mass
spectrometry analyses as described below. Two independent
replicates were prepared per condition.

Preparation of Cell Extracts and
Anti-FLAG Pull-Down
Frozen cell pellets were washed with 5 mL IP buffer, containing
25 mM MES/NaOH; pH 6.5, 5 mM CaCl2, 10 mM MgCl2,
and 20% (v/v) glycerol and subsequently resuspended in 3 mL

IP buffer, including protease inhibitors (complete EDTA-free;
Roche) for cell lysis. Therefore, an equal volume of glass beads
(0.1–0.15 mm diameter) was added and cells were disrupted using
a FastPrep-24 Ribolyser (MP Biomedicals) with five cycles of
20 s at 6.5 m s−1 and 4◦C. After centrifugation for 5 min at
3,314 × g and 4◦C, the supernatant was transferred and adjusted
with IP buffer to a final volume of 6 mL. For membrane protein
solubilization, 1.5% (w/v) dodecyl-β-D-maltoside (DDM; Carl
Roth) was added and incubated under agitation for 1 h at 4◦C,
before insoluble cell debris was removed by centrifugation for
20 min at 20,000 × g and 4◦C. The soluble cell extracts (from 2
L cultures) were subjected to the PII-FLAG pull-down procedure:
for this, 400 µL of resuspended anti-FLAG-M2-agarose (Sigma)
was added into empty SPE-columns and washed twice with each
1 mL IP buffer, supplemented with 0.04% (w/v) DDM, before
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TABLE 2 | Plasmids used in this study.

Plasmid Tag localization Description References

pPD-NFLAG N-terminal Encoding the N-terminal 3xFLAG tag Hollingshead et al., 2012

pPD-CFLAG C-terminal Encoding the C-terminal 3xFLAG tag Chidgey et al., 2014

pKT25 Encoding T25 fragment of adenylate cyclase CyaA (amino acids 1–224) Karimova et al., 2001

pKT25n Derived from pKT25. Upstream of the T25 fragment This study

pUT18 Encoding T18 fragment of adenylate cyclase CyaA (amino acids 225–399) Karimova et al., 2001

pUT18 glnB N-terminal Derived from pUT18. Encoding glnB This study

pUT18 glnB (I86N) N-terminal Derived from pUT18. Encoding glnB containing the I86N mutation This study

pKT25n pipX C-terminal Derived from pKT25. Sequence encoding pipX. Positive control This study

pKT25 pipX N-terminal Derived from pKT25. Sequence encoding pipX. Positive control This study

pKT25n amt1 C-terminal Derived from pKT25. Sequence encoding amt1 This study

pKT25 amt1 N-terminal Derived from pKT25. Sequence encoding amt1 This study

pKT25n nrtC C-terminal Derived from pKT25. Sequence encoding nrtC This study

pKT25 nrtC N-terminal Derived from pKT25. Sequence encoding nrtC This study

pKT25n nrtD C-terminal Derived from pKT25. Sequence encoding nrtD This study

pKT25 nrtD N-terminal Derived from pKT25. Sequence encoding nrtD This study

pKT25n urtD C-terminal Derived from pKT25. Sequence encoding urtD This study

pKT25 urtD N-terminal Derived from pKT25. Sequence encoding urtD This study

pKT25n urtE C-terminal Derived from pKT25. Sequence encoding urtE This study

pKT25 urtE N-terminal Derived from pKT25. Sequence encoding urtE This study

the supernatants were incubated for 5 min and removed by
gravity flow. Repeated washing steps with each 5 mL DDM
supplemented IP buffer were performed similarly, until the flow
through appeared colorless. Elution of coupled proteins from
the anti-FLAG resin was performed by incubation in 600 µL
DDM supplemented IP buffer containing 0.3 µg/mL 3xFLAGTM

peptide (Sigma-Aldrich) for 40 min.

Proteomics Workflow, NanoLC-MS/MS
Analysis, and Data Processing
Eluates from the pull-down workflow were subjected to
acetone/methanol precipitation and resulting protein pellets
were resuspended in denaturation buffer for subsequent tryptic
digestion as described elsewhere (Spät et al., 2015). Resulting
peptide mixtures were subjected to stage tip purification

TABLE 3 | Strains used in this study.

Strains Description References

E. coli NEB 10-beta Cloning strain NEB

E. coli BTH101 Bacterial two-hybrid host
strain

Euromedex

Synechocystis sp.
PCC 6803

Wild type Pasteur Culture Collection

Synechocystis sp.
PII(I86N)

Genomic PII(I86N) mutant Watzer et al., 2015

Synechocystis sp.
1PII

Chromosomal deletion of
glnB

Hisbergues et al., 1999

Synechocystis sp.
1PII + PII-Venus

Synechocystis sp. 1PII

transformed with pVZ322
encoding a PII-Venus fusion

Hauf et al., 2016

(Rappsilber et al., 2007). Protein detection by mass spectrometry
(MS) was performed as described previously (Spät et al., 2015): in
brief, peptide mixtures were loaded onto a 15 cm reversed-phase
C18 nanoHPLC column on an EASY-LC system (Proxeon
Biosystems) and separated in a 90 min segmented linear
gradient. Eluted peptides were ionized by the on-line coupled
ESI source and injected in a LTQ Orbitrap XL mass spectrometer
(Thermo Scientific). MS spectra were acquired in the positive-ion
mode. Per scan cycle, one initial full (MS) scan was followed
by fragmentation of the 15 most intense multiply charged ions
by collision induced dissociation (CID) for MS/MS scans. The
scan range was 300–2,000 m/z for precursor ions at resolution
60,000 and sequenced precursors were dynamically excluded
for fragmentation for 90 s. The lock mass option was enabled
for real time mass recalibration (Olsen et al., 2005). All raw
spectra were processed with the MaxQuant software (version
1.5.2.8) (Cox and Mann, 2008) at default settings. Peak lists
were searched against a target-decoy database of Synechocystis
sp. PCC 6803 with 3,671 protein sequences, retrieved from
Cyanobase (Nakao et al., 2010) (July 2014), plus the sequence
of the N- or C-terminal 3xFLAG tagged PII fusion protein
(MDYKDDDDKDYKDDDDKDYKDDDDKAAAKKVEAIIRPF
KLDEVKIALVNAGIVGMTVSEVRGFGRQKGQTERYRGSEYT
VEFLQKLKIEIVVDEGQVDMVVDKLVSAARTGEIGDGKIFIS
PVDSVVRIRTGEKDTEAI or MKKVEAIIRPFKLDEVKIALVN
AGIVGMTVSEVRGFGRQKGQTERYRGSEYTVEFLQKLKIEIV
VDEGQVDMVVDKLVSAARTGEIGDGKIFISPVDSVVRIRTG
EKDTEAIASYKDDDDKDYKDDDDKDYKDDDDK), respecti-
vely, as well as 245 common contaminants with the following
database search criteria: trypsin was defined as a cleaving enzyme
and up to two missed cleavages were allowed; carbamido-
methylation of cysteines was defined as a fixed modification
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and methionine oxidation and protein N-terminal acetylation
as variable modifications. Peptide and protein false discovery
rates retrieved from MaxQuant were limited to 1%, each.
Raw data acquired by mass spectrometry was deposited at the
ProteomeXchange Consortium via the Pride partner repository
(Vizcaino et al., 2013) under the identifier PXD013411.

Determination of Nitrate, Nitrite,
Ammonium, and Urea in Cell-Free
Culture Medium
To determine the nitrate, ammonium, or urea uptake,
exponentially growing cells (OD750 = 0.4–0.8) were harvested by
centrifugation (3,000 × g for 10 min at room temperature) and
washed twice with BG-110 medium lacking combined nitrogen
sources. Subsequently, the cultures were adjusted to OD750 = 1
with BG-110 medium. The assays were started by adding either
200 µM NaNO3, 200 µM NH4

+ or 150 µM urea, respectively.
Cells were cultivated under constant shaking of 120 rpm and
illumination of 40–50 µE. 1 mL aliquots of the cell suspensions
were taken and subsequently centrifuged (13,000 × g for 5 min
at room temperature) to remove the cells.

For nitrate quantification, the absorbance at 210 nm was
measured in the cell-free medium. Since both nitrate and nitrite
absorb at 210 nm, the apparent nitrate values were corrected for
the presence of nitrite (Kloft and Forchhammer, 2005). Nitrite
concentration of the cell-free medium was determined using the
modified Griess reaction according to Fiddler (1977).

The ammonium concentration of cell-free medium was
measured by using the Nessler reaction (Vogel et al., 1989). Urea
was quantified by using the urea nitrogen (BUN) colorimetric
detection kit (Invitrogen).

Microscopy Procedures and Image
Evaluation
Fluorescence microscopy was performed using a Leica DM5500B
microscope with a 100×/1.3 oil objective. For the detection
of Venus fluorescence, an ET500/20× excitation filter and an
ET535/30m emission filter were used referred as YFP-channel.
To detect cyanobacterial autofluorescence, an excitation filter
BP 535/50 and a suppression filter BP 610/75 were used.
Image acquisition was done with a Leica DFC360FX black-
and-white camera. Captured images were colored with the
Leica Application Suite Software (LAS AF) provided by Leica
Microsystems. Bright-field images were exposed for 6 ms, Venus
fluorescence images for 150 ms and autofluorescence images
for 100 ms. Microscope slides covered with dried 2% (w/v)
agarose solution were used to immobilize the cells during all
microscopical examinations.

Quantitative image evaluation by fluorescence intensity
measurements was performed using the open-source software
ImageJ (Fiji) (Schindelin et al., 2012). To estimate the
fluorescence intensities in different cell compartments, a linear
profile of the gray values across the cells through the plasma
membrane and cytoplasm was determined. The average gray level
of the cytoplasm was subtracted from the maximum gray level of
the plasma membrane signal to yield the “1 fluorescence” value,

which indicates the cytoplasmic membrane-localized signal.
An example of this profile data quantification is given in
Supplementary Figure 1.

RESULTS

PII Signaling Mutants Show Increased
Sensitivity to Ammonium
PII homologs of the GlnK subfamily from heterotrophic bacteria
are known to regulate cellular ammonium influx by direct
protein–protein interaction with the ammonium permease
AmtB (Huergo et al., 2012). The observation of impaired
ammonium utilization in the Synechocystis strain, which harbors
the PII(I86N) variant, suggested that this PII variant either
blocked ammonium uptake or abolished proper ammonium
uptake regulation with consequent ammonium sensitivity. The
Ile 86 to Asn point mutation in this PII variant causes a
specific alteration of the T-loop conformation, which facilitates
interaction with NAGK and thus, results in an over-activation
of this PII target (Fokina et al., 2010b). Conversely, other
PII targets might by negatively affected by the altered T-loop
conformation. To gain further insights into the role of PII in
ammonium uptake, we tested ammonium utilization of a PII
deletion mutant (1PII) (Hisbergues et al., 1999) and of the
1PII strain complemented with PII-Venus (PII-Venus-comp.)
(Hauf et al., 2016). The complementation strain was previously
generated by introducing a shuttle vector (pVZ322), encoding a
PII-Venus fusion under control of the native glnB promoter into
the Synechocystis 1PII mutant (Hauf et al., 2016). The Venus
fluorescent protein was fused to the C-terminus of PII to avoid
sterical hindrance of the T-loop.

When grown in presence of 5 mM ammonium in liquid
medium, the Synechocystis wild-type, the 1PII and the PII-Venus-
comp. strains showed similar growth rates and ammonium
consumption (Figures 1A,B). However, with an elevated
ammonium concentration of 10 mM, only the wild-type and
PII-Venus-comp. strains could maintain normal growth, while
the 1PII mutant arrested growth (Figure 1C). Ammonium
utilization of wild-type and PII-Venus-comp. were similar
under this condition (Figure 1D) while the 1PII strain ceased
ammonium utilization (Figure 1D). The ammonium-sensitive
phenotype of the 1PII strain, in particular the response
toward 10 mM ammonium, resembled the previously reported
phenotype of the Synechocystis PII(I86N) strain (Watzer et al.,
2015). One possibility to explain the inability of the PII
mutant strains to grow in 10 mM ammonium-supplemented
medium is an increased sensitivity toward toxic effects of
ammonium. Although ammonium represents the preferred
nitrogen source, it becomes toxic for many photosynthetic
organisms at higher concentrations (Drath et al., 2008). To
find out whether the reduced growth and impaired ammonium
utilization results from ammonium intoxication, we assayed the
growth of the various strains in the presence of increasing
concentrations of ammonium using the spot assay method
(Figure 2). Over a range from 5 to 40 mM ammonium, the
wild-type and PII-Venus-comp. strains showed a similar growth
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FIGURE 1 | Ammonium supplemented growth and ammonium utilization of Synechocystis sp. wild-type, 1PII and PII-Venus-comp. (1PII + PII-Venus) strains.
Values are the means of three biological replicates. (A) Growth curve in presence of 5 mM ammonium. (B) Ammonium concentration in culture supernatants of the
various Synechocystis strains grown in BG-11 medium with 5 mM ammonium. (C) Growth curve in presence of 10 mM ammonium. (D) Ammonium concentration in
culture supernatants of the various Synechocystis strains grown in BG-11 medium with 10 mM ammonium.

FIGURE 2 | Ammonium sensitivity of the various Synechocystis strains (as in Figure 1) as determined by the drop plate method with three biological replicates per
strain. Starved cultures were adjusted to an OD750 of 1.0 and diluted tenfold in series. The dilutions were dropped onto BG-11 agar plates containing increasing
concentrations of ammonia (5–40 mM).

and ammonium tolerance. However, the PII(I86N) mutant
showed impaired growth at 25 mM while the 1PII mutant
was already strongly affected at a concentration of 10 mM
ammonium (Figure 2). This demonstrated that PII is indeed
required to cope with elevated ammonium concentrations.
The PII(I86N) mutant can only partially replace the wild-type
PII protein, whereas PII-Venus perfectly complemented the
1PII strain.

Identification of Novel PII Interaction
Partners by FLAG-Tag PII
Pull-Down Assays
Uncontrolled influx of ammonium and resulting intoxication
of Synechocystis 1PII and PII(I86N) mutants is likely a
cause for the elevated ammonium sensitivity in these strains.
This suggested the involvement of PII in the regulation of
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Synechocystis ammonium permeases. In order to verify such an
interaction, we performed pull-down assays using a C-terminal
3xFLAG-tagged PII fusion protein that was expressed in
Synechocystis under control of the strong psbA promoter. Protein
extracts were prepared in presence of detergent, to solubilize
membrane-bound proteins, and were subjected to anti-FLAG-
tag immunoprecipitation. The proteome composition of the
immunoprecipitate was subsequently analyzed by MS to reveal
the proteins that co-purify with FLAG-tag PII. As an initial
experiment, the immunoprecipitation was performed with cells
grown in BG-11 medium, containing nitrate as unique nitrogen
source. To discriminate between PII interaction partners and
unspecific background proteins, the non-transformed wild-type
strain was used as an experimental control. Each experiment was
further validated by an independent replicate.

As a proof of concept, we were able to identify PII
as the most abundant protein in the PII 3xFLAG pull-
down (thereafter PII pull-down). Furthermore, some reported
interaction partners, such as PipX, were either exclusively
identified in the PII pull-down, or, as in the case of the

PII phosphatase PphA, were strongly enriched compared to
the background control (Supplementary Figure 2) (Kloft
and Forchhammer, 2005; Espinosa et al., 2007; Forcada-
Nadal et al., 2014). The identification of a large number
of background proteins in the experiments depends on the
wash-stringency, the abundance of individual proteins and
the high sensitivity of MS-detection. To distinguish between
specific PII-enriched interaction partners and background, we
determined relative protein abundance ratios between the PII
and control experiments by using label free quantification
(LFQ) (Cox et al., 2014). Proteins with a significantly higher
abundance in the PII pull-down were identified by significance
analysis (p-value = 0.01). Since both independent replicates
from nitrate-grown cultures yielded very similar results, we
correlated the data (Figure 3). Using this approach, the major
ammonium permease Amt1 (Montesinos et al., 1998) indeed
appeared among the significantly enriched proteins, supporting
our suggestion that Amt1 represents a PII binding target in
cyanobacteria. Surprisingly, we could also identify subunits of
other nitrogen import complexes besides Amt1 among the

FIGURE 3 | Proteins enriched in anti-FLAG-tag PII immunoprecipitates from nitrate growth conditions. (Left) Scatterplot of the log2 transformed LFQ protein ratios
(PII/control pull-down experiment) of 355 quantified proteins detected in two independent replicates. PII pull-down specific outliers which are significantly enriched in
both replicates are indicated in red, and significant outliers enriched only in Replicate 1 are indicated in magenta (p-value = 0.01). (Right) Heat map representation of
the PII-specific enrichment of nitrogen metabolism related proteins. Log2 transformed LFQ protein ratios from both replicates are color coded and stars indicate
significance. Proteins with missing LFQ ratios, detected exclusively in the PII but not in the control pull-down, are striped in red/gray.
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significantly enriched proteins, in particular subunits of the
bispecific NrtABCD nitrate/nitrite and the UrtABCDE urea
transporter complexes. For the NRT and URT transporters,
all subunits except the periplasmic substrate binding proteins
NrtA and UrtA were either exclusively present or strongly
enriched in the PII pull-downs. This suggests that the
cytoplasmic components of the transporters together with
the pore forming subunit are still associated in a complex,
detached from the loosely associated periplasmic binding
proteins (NrtA or UrtA).

To further validate a potential interaction between PII and
the URT transporter complex, we repeated the experiment with
cells grown in urea-supplemented medium. In agreement with
the results from the PII pull-down at nitrate growth conditions,
we detected an enrichment of the PII target PipX, the ammonium
permease Amt1, subunits of the NRT nitrate/nitrite transporter,
and most prominent, subunits of the URT urea transporter
(Supplementary Figure 3). By correlating the data from both
independent replicates (Figure 4), it became evident that UrtD
and UrtE are the strongest enriched proteins under this condition
besides PII. This suggests that the presence of urea in the

medium influences the interaction of the URT transporter
complex with PII.

Besides proteins associated with nitrogen import, we also
identified two small hypothetical proteins to be significantly
enriched in all experiments, Sll0944 and Ssr0692. Interestingly,
both proteins are under transcriptional control of the global
nitrogen regulator NtcA (Giner-Lamia et al., 2017), and reveal
opposed dynamics in response to nitrogen availability. Under
nitrogen-limiting conditions, Sll0944 was found to be strongly
up-regulated at transcriptome and proteome levels, whereas
Ssr0692 was strongly down-regulated (Spät et al., 2015; Giner-
Lamia et al., 2017). Intriguingly, Ssr0692 seems to be up-regulated
under carbon limitation (Battchikova et al., 2010) and might be
associated to carbon fixation, as it was identified as a potential
interactor of NdhH (Sato et al., 2007). The protein Sll0944 is
highly conserved in cyanobacteria and possesses a domain of
unknown function (DUF1830). Overall, our results imply a direct
linkage of Sll0944 and Ssr0692 to nitrogen metabolism with a
regulatory involvement of PII. Both proteins are currently under
investigation to validate a potential interaction with PII and to
determine their function.

FIGURE 4 | Proteins enriched in anti-FLAG-tag PII immunoprecipitates from urea growth conditions. (Left) Scatterplot of the log2 transformed LFQ protein ratios
(PII/control pull-down experiment) of 110 quantified proteins detected in two independent replicates. PII pull-down specific outliers which are significantly enriched in
both replicates are indicated in red, and significant outliers enriched in only one replicate are indicated in magenta (Replicate 1) or orange (Replicate 2)
(p-value = 0.01). (Right) Heat map representation of the PII-specific enrichment of nitrogen metabolism related proteins. Log2 transformed LFQ protein ratios from
both replicates are color coded and stars indicate significance. Proteins with missing LFQ ratios, detected exclusively in the PII but not in the control pull-down, are
striped in red/gray, and n.d. indicates no detection in PII and control pull-down.
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Surprisingly, the well-studied PII interactor NAGK was not
clearly enriched in these experiments. A low percentage of PII-
NAGK complexes was expected to be present under nitrate
or urea growth conditions (Burillo et al., 2004), although
the strongest interaction occurs under conditions of nitrogen
oversupply. Possibly, the C-terminal 3xFLAG-tag fusion of this
PII variant could negatively affect complex formation with
NAGK. Therefore, pull-down experiments were also performed
with an N-terminal 3xFLAG-tag fusion to PII. There, we
could clearly identify NAGK in the pull-down of nitrate
grown cells in two independent replicates (Table 4). The
identification of NAGK in both N-terminal PII-fusion pull-
down replicates implies that the localization of the 3xFLAG-
tag has an influence on the interaction between PII and its
targets. Comparing the results from N- or C-terminal FLAG-tag
fused PII pull-down experiments can give additional information
to identify potential PII interaction partners. In contrast to
the experiments utilizing the C-terminal FLAG-tag, where
subunits of the heterotrimeric urease complex UreABC were
not enriched, to our surprise, the N-terminal FLAG-tagged
PII protein co-purified the entire urease-complex including
associated urease accessory proteins D, F, and G. This remarkable
finding implies a possible direct interaction between the urease

TABLE 4 | Identified proteins in pull-down experiments at nitrate growth
conditions utilizing the N-terminal 3xFLAG-tagged PII fusion protein: Displayed are
the identified proteins from two independent replicates (Repl. I and Repl. II).

Protein name/ Cyanobase Mol. weight

complex ID (kDa) iBAQ intensity

Repl. I Repl. II

PII/N-3xFLAG PII Ssl0707 15.43 4.2∗107 1.1∗109

PipX Ssl0105 10.45 3.1∗106 9.1∗107

PphA Sll1771 28.47 4.2∗104 9.1∗105

NAGK Slr1898 31.53 9.4∗104 6.5∗105

Amt1 Sll0108 53.58 1.2∗108 2.9∗108

NrtA Sll1450 48.97 1.1∗105 1.4∗106

NrtB Sll1451 29.72 8.8∗105 5.1∗106

NrtC Sll1452 75.10 1.4∗106 6.1∗106

NrtD Sll1453 36.56 1.9∗105 2.9∗106

UrtA Slr0447 48.36 1.0∗105 2.6∗105

UrtB Slr1200 41.68 2.4∗105 1.6∗106

UrtC Slr1201 45.08 3.5∗105 4.9∗106

UrtD Sll0764 41.19 8.1∗105 3.9∗106

UrtE Sll0374 27.42 6.5∗105 6.4∗106

UreA Slr1256 11.06 – 4.9∗105

UreB Sll0420 11.38 2.0∗105 5.2∗107

UreC Sll1750 61.04 9.9∗106 3.5∗107

UreD Sll1639 27.16 1.2∗105 6.4∗105

UreF Slr1899 20.23 3.1∗104 5.2∗105

UreG Sll0643 22.01 1.3∗105 1.2∗106

Sll0944 Sll0944 18.15 8.4∗105 9.8∗107

Ssr0692 Ssr0692 5.85 2.8∗105 9.3∗106

Protein intensities were calculated using the MaxQuant iBAQ algorithm
(Schwanhausser et al., 2011).

transport complex and the succeeding enzymatic machinery urea
metabolism, indicating possible metabolic channeling of urea
(Sweetlove and Fernie, 2018).

Bacterial Two-Hybrid Assay
To further confirm the interaction of PII with the identified
nitrogen transporters, we performed bacterial two-hybrid assays
using the Bordetella pertussis adenylate cyclase two-hybrid
system (BACTH) (Battesti and Bouveret, 2012). We tested the
cytoplasmic localized ATP-binding proteins of the ABC-type
transporters NrtC, NrtD, UrtD, UrtE (Omata et al., 1993;
Valladares et al., 2002) as well as Amt1 for possible interactions
with various PII proteins. For each interaction candidate, an
N- and a C-terminal fusion to the T25 fragment was constructed.
In case of a positive interaction with a PII-T18 fusion, cAMP is
formed within a cAMP deficient E. coli host cell. The interactions
were tested by plate assays on X-Gal and MacConkey reporter
plates for highest detection sensitivity. The PII – PipX and leucine
zipper interactions were used as positive controls. PII-T18 fusions
with an empty pKT25 vector were used as negative controls. Next
to wild-type PII-T18 fusion, we also included T18 fusions of the
PII(I86N), PII(S49D), and PII(R9L) variants to find out how these
different PII variants, including a phosphomimetic T-loop variant
and variants with different effector binding properties would
differ in potential PII interactions. Figure 5 shows the observed
interactions on X-Gal plates in the bacterial two-hybrid assays.

FIGURE 5 | Bacterial-two-hybrid interactions on X-Gal plates of wild-type PII

and the PII variants PII(R9L), PII(I86N), PII(S49D) with different transporter
subunits. Interaction of PII with C-terminal tagged PipX was used as a positive
control. PII with an empty pKT25 vector was used as negative control.
Positive interactions are indicated by a blue coloration of the colonies.
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All PII variants showed interaction with the known PII
interaction partner PipX. Wild-type PII showed clear interaction
with Amt1 C-terminally fused to the T25 fragment, while the
variants PII(I86N) and PII(R9L) did not interact. The loss of
interaction of PII(I86N) is in agreement with our previous
conclusions regarding the impaired ammonium utilization of
Synechocystis sp. strain PII(I86N). The phosphomimetic variant
PII(S49D) showed weak interaction with Amt1. In case of the
nitrate transport ATP-binding subunits NrtC and NrtD, the
BACTH assay revealed clear interaction of wild-type PII with
both subunits. Intriguingly, PII interacted only with NrtC when
it was fused at its C-terminus with T25, whereas in the case
of NrtD, PII interacted with the N-terminal fusion. In contrast
to wild-type PII, the PII(R9L) variant was completely unable to
interact with any of the Nrt-proteins, while weak interactions
were observed with variants PII(S49D) and PII(I86N). With the
ATP-binding subunits of the urea transporter, no interaction was
observed with the UrtD protein, neither with wild-type PII nor
with any of the tested variants. By contrast, the C-terminal T25
fusion of UrtE showed clear interaction with wild-type and all
PII variants. The fact that positive interactions only occurred
with selective combinations of PII variants and N-or C-terminal
T25 fusions of target proteins supports the conclusion that the
observed interactions are indeed specific.

PII Deletion Mutant and PII(I86N) Mutant
Excrete Nitrite
The pull-down and BACTH assays shown above clearly indicated
interaction of wild-type PII protein with components of the
uptake systems for ammonium, nitrate, and urea. The interaction
with Amt1 likely resembles the known interaction of the
PII protein GlnK from heterotrophic bacteria with AmtB
(Conroy et al., 2007; Gruswitz et al., 2007) and perfectly
explains the physiological response of Synechococcus PCC
7942 (hereafter Synechococcus) and Synechocystis PII mutants
toward ammonium. Interaction of PII with components of the
NrtABCD nitrate/nitrite transporter had in fact been suggested
previously by several physiological studies, which documented
altered nitrate utilization properties in various Synechococcus
and Synechocystis PII mutants (Kobayashi et al., 1997; Lee et al.,
1998, 2000; Kloft and Forchhammer, 2005). A characteristic
phenotype of a PII deletion mutant grown in the presence of
nitrate is the uncontrolled uptake of nitrate and subsequent
excretion of nitrite into the medium (Kloft and Forchhammer,
2005). Reduction of nitrate requires two electrons whereas six
electrons are needed for the reduction of nitrite to ammonium.
Because of the lower electron demand for nitrate reduction,
nitrite reduction becomes limiting when insufficient reductant is
available. Therefore, when nitrate uptake is uncontrolled, nitrite
accumulates and is excreted. We wondered if the Synechocystis
PII(I86N) strain shows a similar nitrite excretion phenotype
than the PII deficient mutant when grown on nitrate and if
PII-Venus complements the nitrite excretion phenotype of the
PII-deficient mutant.

To answer this question, Synechocystis wild-type strain,
PII(I86N), 1PII and the PII-Venus comp. strains were grown

with nitrate as sole nitrogen source under constant illumination
(40 µmol photons m−2 s−1) and samples were removed for
nitrite determination. Under these conditions, the various strains
showed similar growth rates (Figure 6). Both mutant strains
expected to be impaired in proper control of the NRT complex,
the 1PII mutant and the PII(I86N) strain, indeed excreted
nitrite into the medium. Notably, the PII(I86N) mutant excreted
much lower nitrite amounts than the PII deletion mutant, in
agreement with the partial interaction of the PII(I86N) variant
observed in the BACTH assays with NrtC and NrtD subunits. By
contrast, PII-Venus perfectly complemented the nitrite excretion
phenotype. Together, these results indicated that the BACTH
interactions of PII with the NrtC and NtcD subunits are
physiologically meaningful.

PII Is Responsible for Inhibition of Nitrate
Uptake
To gain further insights in the PII-dependent regulation of nitrate
uptake, we measured nitrate consumption rates of the various
PII-mutants under different conditions. For this purpose, cells
from exponential phase of growth in standard BG-11 medium
were washed and subsequently incubated in BG-110 medium
containing 200 µM NO3 as nitrogen source. Nitrate utilization
was quantified by measuring the nitrate concentration in the
culture supernatant over time. Under constant illumination of
40 µmol photons m−2 s−1, Synechocystis wild-type and the PII-
Venus comp. strain showed lower nitrate consumption rates,
while both, the PII(I86N) and 1PII mutant, showed higher nitrate
removal (Figure 7A). In agreement with our previous results, we
observed excretion of nitrite by the PII(I86N) and 1PII mutants
(Figure 7B). Interestingly, while the nitrate utilization rate of the
PII(I86N) and 1PII mutant appeared almost identical, the two
mutants differed in their rate of nitrite excretion. While nitrite
excretion of the 1PII mutant accelerated over time, the PII(I86N)
initially excreted nitrite faster but then slowed it down over
time, explaining the lower amounts of nitrite in the exponentially
growing culture (Figure 6) as compared to the 1PII mutant.

FIGURE 6 | (A) Nitrite excretion of Synechocystis sp. wild-type, PII(I86N), 1PII

and PII-Venus-comp. (1PII + PII-Venus) complementation grown in BG11
medium supplemented with nitrate. (B) Corresponding growth curve to the
experiment shown in panel (A).
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FIGURE 7 | Nitrate utilization and nitrite excretion of various Synechocystis strains as indicated. Exponentially growing and nitrate supplemented Synechocystis cells
were washed and resuspended in a medium containing 200 µM nitrate. Shown are the means of three biological replicates. (A) Nitrate utilization and (B) nitrite
excretion under constant illumination of 40 µmol photons m-2 s-1. (C) Nitrate utilization and (D) nitrite excretion in presence of 2 mM ammonium and under constant
illumination of 40 µmol photons m−2 s−1. (E) Nitrate utilization and (F) nitrite excretion in the dark.

Addition of ammonium to nitrate grown cells leads to
an immediate inhibition of nitrate uptake. This ammonium-
dependent inhibition of nitrate uptake requires the presence of
PII protein or PII phosphomimetic variants (Lee et al., 1998).
Here, we tested if the PII(I86N) mutant was able to perform
the ammonium-dependent nitrate uptake inhibition. For this
purpose, nitrate consumption rates were determined after the
addition of 2 mM ammonium. Both, Synechocystis wild-type
and the PII-Venus comp. strains showed a complete inhibition
of nitrate uptake in response to ammonium (Figure 7C). By

contrast, the PII(I86N) and 1PII mutant strains maintained
nitrate uptake after ammonium addition. However, nitrate
uptake in the PII(I86N) mutant was clearly diminished as
compared to the 1PII mutant (Figure 7C). The uncontrolled
nitrate uptake of the PII(I86N) and 1PII mutant caused excretion
of nitrite. Due to the diminished uptake of nitrate by the
PII(I86N) mutant, its nitrite excretion was correspondingly lower
as compared to the 1PII mutant (Figure 7D).

In addition to the absence of ammonium, active
nitrate transport also requires photosynthetic CO2 fixation
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(Romero et al., 1985). Nitrogen assimilation is tightly regulated
by light/dark transitions. A transition from light to dark causes
an immediate inhibition of nitrate uptake and an inhibition of
the ammonium assimilating GS (Romero et al., 1985; Marques
et al., 1992). To reveal a role of PII in this response, we tested
the dark-switch-off of nitrate uptake in the various PII mutant
strains. Although the overall nitrate consumption was very low
in darkness (Figure 7E) clear differences could be resolved.
Notably, the PII(I86N) and 1PII mutant strains showed slow
but constant nitrate uptake as compared to the wild-type and
the PII-Venus comp. strain, which did not take up any nitrate.
Corresponding to the uptake of nitrate, PII(I86N) and 1PII
mutant excreted small amounts of nitrite (Figure 7F), supporting
the notion that the PII(I86N) and 1PII mutants are unable to
completely switch-off nitrate uptake in the dark.

PII Signaling Mutants Show Impaired
Urea Utilization
To validate the physiological relevance of the interaction of
PII with the UrtE subunit of the urea transporter UrtABCDE,
we analyzed urea utilization in the different PII mutants. For

this purpose, exponentially growing cells were washed and
incubated in BG-110 medium, containing 150 µM urea as sole
nitrogen source with constant illumination of 40 µmol photons
m−2 s−1. Under these experimental conditions, Synechocystis
wild-type and PII(I86N) mutant strains utilized similar amounts
of urea (Figure 8A), whereas both, the 1PII and PII-Venus
comp. strains consumed considerably higher amounts of urea
(Figure 8A). The wild-type property of the PII(I86N) variant
is in agreement with the interaction of the PII(I86N) protein
with the UrtE subunit, which appeared to be T-loop independent
according to BACTH assays. Urea is hydrolyzed to CO2 and
two molecules of ammonium by the enzyme urease (Mobley and
Hausinger, 1989; Esteves-Ferreira et al., 2018). We wondered
if an uncontrolled influx of urea could lead to an excretion of
ammonium. Therefore, we measured ammonium concentrations
in culture supernatant of those cells, which were incubated with
150 µM urea as the sole nitrogen source. Indeed, we detected
ammonium excretion of the 1PII mutant proportional to its
urea utilization (Figure 8B). In contrast, only minor amounts
of ammonium could be detected in the culture supernatant
of the Synechocystis wild-type, PII(I86N) and PII-Venus comp.
strain (Figure 8B).

FIGURE 8 | Urea utilization and ammonium excretion of various Synechocystis strains as indicated. Exponentially growing and nitrate supplemented Synechocystis
cells were washed and resuspended in a medium containing 150 µM urea. Shown are the means of three biological replicates. (A) Urea utilization and (B)
ammonium excretion under constant illumination of 40 µmol photons m−2 s−1. (C) Urea utilization in presence of 2 mM ammonium and under constant illumination
of 40 µmol photons m−2 s−1.
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Synechocystis utilizes available nitrogen sources in a hierarchi-
cal order. In presence of ammonium, the uptake of external
nitrogen sources is blocked (Muro-Pastor et al., 2005). To test
ammonium-dependent inhibition of urea utilization, we deter-
mined urea consumption in presence of 2 mM ammonium. The
Synechocystis wild-type, PII(I86N) and PII-Venus comp. strains
showed a clear inhibition in urea utilization in response to
the addition of ammonium. In contrast, urea uptake in the
1PII mutant was completely unaffected by ammonium addition
(Figures 8A,C). This demonstrates that PII also controls urea
uptake, as suggested by the interaction assays.

PII Localization Changes Upon Addition
of Nitrate, Ammonium, and Urea
Our previous pull-down experiments and bacterial two-hybrid
assays clearly showed interaction of Synechocystis PII with
Amt1 as well as with nitrate and urea transport components.
All interactions appeared to be physiologically relevant. Since
all these transporters are localized to the plasma membrane,
we suspected that this interaction might affect the cellular
localization of PII. Therefore, we monitored PII localization using
the Synechocystis PII-Venus comp. strain grown under different
nitrogen regimes.

Nitrate-replete cells in the mid-exponential growth phase
(OD750 ∼ 0.5) showed heterogeneous distribution of PII-
Venus fluorescence in the cell. The majority of cells displayed
a strong fluorescence signal in their center and peripheral
cell boundary (Figures 9A,B,D). The intense signal in the
center corresponds to the central cytoplasmic space, inside
the multiple thylakoid layers. In this region, PII might

FIGURE 9 | Localization of PII-Venus during exponential growth (OD750 of 0.5)
of Synechocystis (A) Phase contrast image of cells. (B) Venus fluorescence.
(C) Autofluorescence of thylakoid membranes. (D) Overlay of Venus
fluorescence and phase contrast images.

interact with different soluble proteins, like NAGK or PipX.
The area with low Venus fluorescence is occupied by the
thylakoid membranes. The PII-Venus fluorescence at the cell
boundary corresponds to the plasma membrane, where Amt1,
NrtABCD and UrtABCDE are located (Hahn and Schleiff,
2014) (Figure 9C).

When cells are shifted to nitrogen-depleted conditions,
they activate the NtcA regulon, including the glnB gene
and various uptake systems for nitrogen compounds. During
prolonged starvation, they undergo chlorosis, which includes a
reduction of thylakoid membranes (Forchhammer and Schwarz,
2018). The chlorotic cells rapidly respond to the addition of
combined nitrogen sources. Therefore, investigation of PII-
Venus fluorescence in chlorotic cells and following the addition
of combined nitrogen sources was expected to reveal further
insights in the in vivo dynamics of PII interactions. To monitor
the PII localization in the chlorotic, nitrogen depleted state, cells
were grown to an OD750 of 0.4–0.6, washed, and resuspended
in BG-110. After 1 week of nitrogen starvation, the PII-Venus
signal was evenly distributed throughout the whole cell and its
localization on the plasma membrane was not as distinct as
during nitrate-supplemented exponential growth (Figure 10A).
To test the localization following the addition of different
nitrogen sources, 1 week nitrogen starved Synechocystis cultures
were supplemented with 5 mM NO3, 5 mM NH4

+ or 5 mM
urea, respectively. Immediately thereafter, a change in the PII
localization became visible. The majority of cells showed a
clearly visible, distinct plasma membrane localized PII-Venus
fluorescence, while the remaining cytosol showed homogenously
distributed fluorescence. The re-localization of PII to the plasma

FIGURE 10 | PII-Venus localization under different nitrogen supplemented
conditions. (A) PII-Venus fluorescence of 1 week nitrogen starved
Synechocystis cells. (B–D) PII-Venus fluorescence of Synechocystis during
resuscitation from nitrogen starvation. One week nitrogen starved
Synechocystis cultures were resuscitated by adding 5 mM nitrate (B), 5 mM
ammonium (C), or 5 mM urea (D). Fluorescence images were taken 1 h after
addition of the nitrogen source.
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membrane appeared most clearly in response to ammonium
addition as compared to nitrate or urea (Figures 10B–D).

Since the fluorescence distribution is subject to a certain
degree of heterogeneity with the bulk of single cells observed
in the microscope, we attempted to quantitatively describe the
average distribution of PII-Venus in a representative set of
cells. Therefore, a profile of the fluorescence intensities across
median cell sections was determined from 54 individual cells
per investigated time point. From these profiles, the relative
fluorescence intensity distribution between plasma membrane
localized signal to the average cytoplasmic signal was determined
and displayed as box-plot (Figure 11). Under nitrogen depletion,
the majority of the cells showed a higher cytoplasmic PII-
Venus localization than plasma membrane localization. Addition
of a nitrogen source directly induced a re-localization of PII
toward the plasma membrane. In the first 2 h after addition of
nitrate or urea, PII-Venus showed a similar localization change
(Figures 11A,C,D). Two hours after the addition of nitrate,
the PII-derived signal from the plasma membrane decreased
again and re-appeared in the cytoplasmic space (Figure 11A),
whereas in urea treated cells, PII continued to accumulate at
the plasma membrane (Figure 11C). Addition of ammonium

induced the most prominent migration of PII-Venus to the
plasma membrane in the first hour as compared to nitrate or
urea, but thereafter, PII-Venus started to move back to the
cytoplasm (Figure 11B).

DISCUSSION

The present investigation unraveled a so far unrecognized
global function of the cyanobacterial PII signaling protein in
controlling the uptake of the major nitrogen sources ammonium,
nitrate and urea. Previous studies already suggested occasionally
involvement of PII in the regulation of ammonium and
nitrate transport (Kobayashi et al., 1997; Lee et al., 1998,
2000; Kloft and Forchhammer, 2005; Conroy et al., 2007),
however, this issue was never addressed systematically using
a combined biochemical, genetic and physiological approach.
Starting from a series of pull-down experiments using FLAG-
tagged PII variants, we observed a putative interaction of
PII with various nitrogen transport systems. The interactions
were verified by bacterial-two hybrid assays and the biological
significance of the interaction was validated by physiological

FIGURE 11 | Quantification of the PII-Venus migration toward the plasma membrane in response to the addition of different nitrogen sources to nitrogen starved
Synechocystis sp. cultures. A linear profile of the fluorescence intensities across midcell was recorded and evaluated as shown in Supplementary Figure 1. The
maximum fluorescence intensity at the plasma membrane was normalized to the average intensity of the cytoplasm and then, the difference between plasma
localized signal and average cytoplasmic signal was calculated (1 fluorescence intensity). When 1 fluorescence intensity values are below 0, this indicates that the
plasma membrane signal is weaker than the average cytoplasmic signal, while values above 0 indicate that the plasma membrane signal is higher than the average
cytoplasmic signal. Resuscitation of 1 week nitrogen starved Synechocystis sp. cultures were induced by adding either 5 mM NO3 (A), 5 mM NH4 (B), or 5 mM urea
(C). 50–60 cells were measured per time point. Dots indicate single cell measurements; whiskers showing the standard-deviations; thick black lines show the
arithmetic mean. (D) Direct comparison of the mean 1 fluorescence intensities from NO3, NH4, and urea induced resuscitation.
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experiments. Finally, the proposed dynamic interaction of
PII with cytoplasmic membrane bound transporters was
corroborated by fluorescence microscopy.

Significance Statement
PII signaling proteins play versatile roles in the coordination
of carbon- and nitrogen anabolism in prokaryotes and plant
chloroplast. In different phylogenetic lineages, PII controls a
variety of different target proteins. In cyanobacteria, the PII
paralog GlnB has been shown to control global nitrogen-
responsive gene expression by interacting with the transcriptional
co-activator PipX. Furthermore, PII controls nitrogen storage
metabolism in cyanobacteria by regulating the key enzyme
of arginine synthesis, N-acetylglutamate kinase. Finally, a key
enzyme in fatty acid metabolism, the acetyl-CoA carboxylase,
was shown to be a target of PII. Several lines of evidences
suggested that PII might also be involved in the control of
ammonium and nitrate uptake, however, direct involvement
of PII has not yet been shown. In this study, we revealed
the interactome of PII from the cyanobacterium Synechocystis
by immunoprecipitating FLAG-tagged PII protein. We found
prominent enrichment of components of ammonium, nitrate
and urea uptake systems. Direct protein–protein interaction was
confirmed by bacterial-two hybrid analysis and the physiological
relevance was verified by analyzing ammonium-, nitrate-, and
urea-uptake in various PII mutant strains of Synechocystis. This
study, therefore, demonstrates that PII is the master regulator of
the most prominent nitrogen transport systems in cyanobacteria.

Synechocystis PII Regulates Ammonium
Uptake by Interacting With the Amt1
Ammonium Permease
In E. coli, the PII homolog GlnK regulates AmtB by direct
protein–protein interaction to control the influx of ammonium
(Conroy et al., 2007). In the GlnK-AmtB complex, the nucleotide
binding pockets of GlnK are occupied with ADP and the T-loop
of GlnK adopts a vertically extended conformation that closes
the ammonium gas channel (Conroy et al., 2007; Maier et al.,
2011; Forcada-Nadal et al., 2018). Since the conformation of
the T-loop changes upon binding of ATP-Mg2+-2-oxoglutarate,
the GlnK-AMT complex only forms under conditions of low
2-OG concentrations, which allows formation of the alternative
GlnK-ADP complex (Radchenko et al., 2014).

The present results suggest that in Synechocystis, PII regulates
the major ammonium permease Amt1 in a similar manner than
GlnK the AmtB channel. A weak interaction of Amt1 could still
be detected with the phosphomimetic variant S49D. The reduced
affinity indicates that the negative charge at position 49 reduces
the affinity to Amt1. Therefore, S49 phosphorylated wild-type
PII is expected to have an even weaker affinity to Amt1 (two
negative charges of phosphoserine as compared to one negative
charge of aspartate). In this respect, phosphorylation of S49
would be analogous to uridylylation of Y51 in enterobacterial
GlnK proteins, which prevents AmtB interaction (Conroy et al.,
2007). Under conditions of strong PII phosphorylation (nitrogen-
poor conditions or high CO2 to nitrate ratio), the Amt1

channel would remain open, allowing unrestricted uptake of
ammonium ions. When cells are shifted to excess ammonium
conditions, PII becomes dephosphorylated (Ruppert et al., 2002)
and diminished 2-OG levels allow formation of the PII-ADP
complex, which then can close the Amt1 pores.

In BACTH assays, the PII(R9L) variant was completely
impaired in Amt1 interaction. This variant is also unable to
interact with NAGK, presumably due to a stabilizing function
of the R9 residue at the interface to the binding partner (Fokina
et al., 2010a). The failure of this variant to interact with Amt1
indicates that also for Amt1 interaction, the lower face of
PII with the protruding T-loops is involved in this protein–
protein interaction, in agreement with the structure of the GlnK-
AmtB complex.

The failure of the PII(I86N) variant to interact with Amt1
corresponds to the loss of its affinity toward ADP (Fokina et al.,
2010b). PII(I86N) has one order of magnitude higher affinity
toward ATP than toward ADP and thus, is expected to reside
almost exclusively in the ATP-bound state, which would abrogate
the interaction with Amt1.

Despite that ammonium uptake in the Synechocystis PII(I86N)
variant is no more under PII control, this strain exhibits a higher
ammonium tolerance than the 1PII mutant. This difference
could be explained by different ammonium assimilation
properties. In the PII deletion mutant, the ammonium-
scavenging arginine synthesis pathway is not active due to
lacking activation of the key enzyme NAGK by PII (Maheswaran
et al., 2006). By contrast, Synechocystis PII(I86N) highly
enhances NAGK activity, resulting in high intracellular arginine
concentrations that leads to accumulation of cyanophycin
granules (Watzer et al., 2015). This pathway will foster the
metabolic removal of excess ammonium and thus results in
increased ammonium tolerance.

Analysis of the subcellular localization of PII in response
to ammonium stimuli agrees with the above-depicted concept.
Only 1 h after the addition of ammonium to chlorotic cells,
PII shows a strong migration toward the plasma membrane.
Providing ammonium to nitrogen-starved cells should cause a
strong decrease of the cellular 2-OG levels. This leads to the
observed accumulation of PII to the cytoplasmic membrane,
preventing an excess uptake of too much ammonium. After
a while, a new equilibrium will be established leading to a
partial re-localization of PII to its cytoplasmic targets, such
as NAGK. Indeed, Synechocystis cells recovering from nitrogen
chlorosis start to produce cyanophycin already after a few hours
(Watzer and Forchhammer, 2018).

PII Regulates Nitrate Uptake by
Interacting With NrtD and NrtC Subunits
Several previous studies documented an involvement of PII in
the regulation of nitrate/nitrite uptake. Our data provide novel
insights regarding the mechanism of PII-mediated regulation of
the NrtABCD transporter. It appears that the NrtABCD complex
is directly regulated by interaction of PII with the cytoplasmic
ATPase subunits NrtC and NrtD, as indicated by the co-isolation
of wild-type PII with both of these proteins. The inability of
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the PII(I86N) complemented strain to regulate nitrate utilization
as well as the reduced interaction of PII(I86N) with NrtC and
NrtD subunits in BACTH assays could in principle be explained
by the altered T-loop conformation or by the different ligand
binding properties of this variant, discussed above. As shown
by BACTH assays and by recent in vitro studies (Watzer and
Forchhammer, unpublished), the PII(I86N) variant is indeed
able to interact with PipX. This interaction requires a vertically
extended conformation of the T-loop (Llacer et al., 2010; Forcada-
Nadal et al., 2018). Although PII-PipX complexes are favored by
the ADP-state of PII, efficient PipX-PII interaction also occurs
with the PII-ATP complex. As explained above, the PII(I86N)
variant is trapped in the ATP-bound state. The fact that this
PII variant binds PipX indicates, that the T-loop of PII(I86N) is
flexible enough to adopt various conformations. Therefore, it is
likely that formation of the PII-NrtC or NrtD complex requires
the ADP-bound state of PII, which is disabled in the PII(I86N)
variant. As for NAGK and Amt1, the PII(R9L) variant is unable
to interact with any of the NRT subunits, indicating that PII
interaction involves the lower part of the PII body, where the
T-loop emanates.

The phosphomimetic variant PII(S49D) shows, albeit weaker,
interaction with the NRT subunits. This positive interaction
explains previous reports, that Synechocystis and Synechococcus
strains expressing these phosphomimetic variants, display a
wild-type like regulation of nitrate/nitrite utilization (Lee et al.,
2000; Kobayashi et al., 2005). Why the diminished interaction
measured by BACTH assays does not properly reflect the
physiological behavior of the PII(S49D) expressing strain (full
complementation) could be due to different sensitivities of the
assays. Kobayashi et al. (2005) used for the complementation of
the Synechocystis deficient mutant plasmid-borne PII constructs,
which cause higher expression levels as in the wild-type genotype.
Therefore, a weaker interaction of PII with the NRT subunits
could still be sufficient to inhibit NRT. The mechanism of NRT
inhibition by PII still awaits structure-functional explanation.
Our BACTH assays indicate that PII interacts with both ATPase
subunits of NRT. Of these, the NrtC subunit seems to play a
particular role: Truncation of the regulatory domain of NrtC
results in an ammonium-insensitive NRT, despite the presence
of a functional PII system. The regulatory domain of NrtC
possesses a putative binding site for nitrate (Koropatkin et al.,
2006). Probably PII, through binding to NrtC and NrtD, must
act in concert with the regulatory NrtC domain, to stop nitrate
uptake. If one of the two regulators is missing, ammonium
inhibition would not work. It is tempting to speculate that the
regulatory domain of NrtC directly senses the nitrate-state of
the cells (Koropatkin et al., 2006) to prepare NRT for inhibition
by the PII-ADP complex, whereas PII in the 2-OG-Mg-ATP
complex (signaling high C/low N state) would not interact
and, therefore, not inhibit NRT. This dual regulatory model
combines information from the nitrate status with the global
C/N and energy state sensing of PII to tune NRT activity to
the actual need. This model also explains the light-response
of NRT: Low energy conditions favor the ADP-complex of
PII, explaining why in the dark, complete switch-off of NRT
requires PII.

PII Regulates Urea Uptake by Interacting
With the UrtE Subunit
In addition to Amt1 and NRT, our data also identified the ABC-
type urea transporter (UrtABCDE) as a novel PII target, with
the UrtE subunit being the direct interaction partner of PII. No
BACTH interaction was observed for UrtD. This implies that the
UrtD protein identified in the FLAG-tag pull-down resulted from
pull-down of the entire URT complex. As deduced from the urea-
utilization phenotype of the different PII variant strains, as well
as form the properties of BACTH interactions, the interaction of
PII with UrtE is distinct from the mode of Amt1 or NrtC and
NrtD interaction. PII interaction with UrtE seems to be T-loop
independent, since the phosphomimetic S49D variant as well as
the PII(I86N) and PII(R9L) variants interacted in BACTH assays
like wild-type PII. The ability of PII(R9L) to interact with UrtE
indicates that the interaction may involve a region of PII distinct
from the usual interaction face used by NAGK, PipX or Amt1.

In agreement with a different binding mode between PII
and UrtE, the PII(I86N) variant could substitute wild-type PII
regarding the control of urea utilization. This suggests that
the PII-ATP complex is able to interact with UrtE in a non-
conventional manner. The control of urea uptake prevents its
futile hydrolysis and the consequent release of ammonium.
Although the PII-Venus variant displayed higher urea uptake
rates than the PII deficient mutant, it could prevent concomitant
ammonium excretion, indicating that also the PII-Venus variant
successfully regulates urea utilization. Consistently, all the tested
PII variant strains (wild-type, I86N and PII-Venus) were able
to carry out ammonium inhibition of urea uptake. Careful
examination of the data shows that the PII-Venus strain displayed
slightly higher urea uptake rates than the other two strains. It is
possible that due to the bulky fluorescent proteins fused to PII the
interaction with PII does not tune down urea uptake as efficient
as in the case of the non-tagged PII variants. Nevertheless, the
PII-Venus construct is functional, which also agrees with the re-
localization of PII-Venus to the plasma membrane upon addition
of urea to nitrogen-starved cells. Under certain conditions,
the entire multisubunit urease complex appeared in PII-FLAG-
tag pull-down experiments. This observation deserves further
investigation. It suggests either a direct interaction of the urease
complex with PII or a possible metabolic channeling between the
urea uptake system and the multisubunit urease complex, leading
to a co-immunoprecipitation of the entire super-complex.
Further studies are required to reveal the molecular mechanism
of urea metabolism and the involvement of PII in this process.

CONCLUSION

All together, the present study has expanded the insights in
PII regulatory interactions in Synechocystis. According to this
study, the PII regulatory network includes all relevant nitrogen
uptake systems in Synechocystis. It is highly probable that
the same holds true for other cyanobacteria. In Synechococcus
elongatus, (Chang et al., 2013) genetic and physiological studies
suggested that in addition to NRT, PII is likely involved in the
control of a cyanate ABC transporter (CynABC), which is not
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present in Synechocystis. Localization of PII-YFP fusions to
the cytoplasmic membrane could also be seen in fluorescent
images from S. elongatus (Espinosa et al., 2018). Control of
transport proteins appears to be a highly conserved property
of the PII family members, as exemplified by the widely
distributed GlnK-Amt interaction. Recently, a more distantly
related member of the PII superfamily, SbtB, an accessory
component of the sodium-dependent bicarbonate transporter
SbtA, was shown to be involved in regulation of bicarbonate
metabolism in Synechocystis (Selim et al., 2018). Moreover, many
putative non-characterized PII family members are genetically
linked to transport and channel proteins. However, except
for GlnK-AmtB, no structures are known for PII-protein
complexes with membrane channel proteins. Whether the
interactions of the PII members with the channels follow
a universal mode, or whether different types of interaction
exist, remains to be demonstrated. However, the differences
observed between the interactions of PII variants with UrtE,
NrtC/D and Amt1 suggest that the interactions could be as
versatile as observed for the various soluble PII interactors
(Forcada-Nadal et al., 2018).
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Cyanobacterial biopolymers 
Certain cyanobacteria, especially the model organism Synechocystis sp. PCC 6803, have the 

ability to produce a wide variety of different biopolymers. Among them are PHB 

(polyhydroxybutyrate), cyanophycin, polyphosphate and glycogen. Although all of them have 

a unique physiological function, only two of them, namely PHB and cyanophycin, are of 

current biotechnological relevance. In this chapter, we will focus mostly on these two 

biopolymers, their biosynthesis as well as their (potential) industrial applications.  

 

PHB 
Introduction 
The fact that cyanobacteria produce poly-hydroxy-butyrate (PHB) is known for more than 50 

years (Carr, 1966). PHB is a polyester, consisting of chains of 3-hydroxy-butyrate. Within the 

last century, PHB gained only little attention. This changed recently, due to two of humanities 

biggest ecological crises: the global pollution of our oceans with plastic waste (Li et al., 2016) 

as well as climate change, caused by the emission of greenhouse gases (Carleton and Hsiang, 

2016). For both of these fundamental, life-threatening problems, PHB produced from 

cyanobacteria could contribute towards a sustainable solution (Koller, 2017). While 

cyanobacteria grow, they sequester CO2 from the atmosphere, which they may convert into 

PHB (Dutt and Srivastava, 2018). The latter can then be used as a sustainable substitute for 

petroleum-based plastics, since it has comparable material properties and shows a good 

biodegradability (Narancic et al., 2018), hence not contributing to the pollution problem. 

These are also the main advantages compared to currently available bioplastics on the market, 

like poly-lactic-acid (PLA). Although PLA is also produced from biological resources, most of 

them are potential food sources (like corn), resulting in an ethical dilemma. Additionally, the 

biodegradability of PLA is limited, especially in marine environments (Narancic et al., 2018, 

Napper and Thompson, 2019). PHB has the potential to overcome all these shortcomings 

(Figure 1).  

 



 

Figure 1. General idea of producing poly-hydroxy-butyrate (PHB) in cyanobacterial cells. Cyanobacteria take up CO2 and 

H2O during growth and convert it to biomass and O2. As they are able to growth photosynthetically, sunlight is used as sole 

energy source. During nitrogen starvation, their metabolism changes. The cells start to build up glycogen, from where PHB 

is formed.   

The increasing interest in cyanobacterial PHB resulted in numerous, recently published 

reviews (Vieira et al., 2018, Kamravamanesh et al., 2018, Katayama et al., 2018, Koller, 2017, 

Singh and Mallick, 2017). While PHB is naturally occurring in many different cyanobacterial 

species, this chapter will mainly focus on two strains, Synechocystis sp. PCC 6803 and 

Synechococcus sp. (hereafter “Synechocystis” and “Synechococcus”, respectively). Both are 

well studied model organisms for the investigation of photosynthesis and cyanobacterial 

physiology. Hence, most studies regarding the production of PHB were conducted in their 

background. The aim of this chapter is to provide a comprehensive overview about the current 

knowledge on PHB production in cyanobacteria so far. 

 

PHB metabolism in cyanobacteria 
Many different cyanobacterial strains have been screened for their natural ability to produce 

PHB under different conditions (Ansari and Fatma, 2016). Several recent reviews summarized 

elaborately all strains which were investigated so far (Singh and Mallick, 2017, 

Kamravamanesh et al., 2018). 

Although the formation of PHB in cyanobacteria is well known, many aspects of its 

metabolism, including its precise physiological function, remain unknown. Recent studies 

revealed that in cyanobacteria, PHB is not a primary storage polymer for carbon and energy 

(Klotz et al., 2016, Damrow et al., 2016). PHB is mainly produced during conditions of 

unbalanced nutrient availability, especially during an excess of carbon and a limitation of other 

macronutrients, like nitrogen, phosphate or potassium (Hauf et al., 2013). Especially the 

adaptation to nitrogen starvation, a process called chlorosis, is intensively studied during the 

past years (Gorl et al., 1998, Forchhammer and Schwarz, 2019). Herein, non-diazotrophic 

cyanobacteria undergo a transition into a resting state, which helps them to survive conditions 



of nutrient limitation for long time periods (Klotz et al., 2016). Within the first day after onset 

of starvation, Synechocystis cells accumulate large quantities of glycogen (up to 60% per cell 

dry weight)(Klotz et al., 2016). Simultaneously, the cells start to degrade their photosynthetic 

machinery, including phycobilisome proteins and chlorophyll (Collier and Grossman, 1992). 

Over the next days, the colour of the cultures changes from intense blue-green to pale yellow 

(Allen and Smith, 1969). During this time, Synechocystis steadily builds up PHB, while glycogen 

is slowly getting degraded (Koch et al., 2019). The resulting chlorotic cells, which underwent a 

growth arrest, are able to survive prolonged time of nitrogen limitation (Doello et al., 2018). 

Interestingly, this process is completely reversible. Upon the addition of nitrogen, 

Synechocystis cells are able to fully recover and start exponential growth within the course of 

two days (Doello et al., 2018, Klotz et al., 2016). Until today, the induction of chlorosis by 

depleting nitrogen or phosphate, is the most commonly applied strategy to induce PHB 

production in cyanobacteria.  

 

 

Figure 2. Left: PHB metabolism in Synechocystis. During chlorosis, CO2 is taken up and stored in the form of glycogen. From 
there, glucose monomers are split off and further catabolized, mainly via the Embden-Meyerhof-Parnas (EMP) pathway, to 
acetyl-CoA. Two units of acetyl-CoA are then further processed by enzymatic reactions of PhaA, PhaB and PhaEC, resulting in 
the formation of PHB granules. Right: TEM picture of chlorotic Synechocystis cells after 3 weeks of nitrogen starvation. PHB 
granules are visible as white encapsulations within the cell. 

 

Metabolically, the production of PHB starts with the uptake of CO2, usually in the form of 
bicarbonate (Figure 2). During chlorosis, the carbon is first stored in the form of glycogen, from 
where it is gradually released and catabolized to PHB (Koch et al., 2019). This agrees with a 
study by Dutt et al., showing that PHB is produced by 74 % from intracellular carbon sources 
(Dutt and Srivastava, 2018). However, ongoing carbon fixation, even during chlorosis, still 
contributes to PHB (Dutt and Srivastava, 2018). The addition of organic carbon sources, such 
as acetate or fructose, can significantly spike the PHB production (Panda and Mallick, 2007).  

Once the carbon has reached the acetyl-CoA pool, a β-ketothiolase (PhaA, encoded by slr1993) 
condenses two units of it into acetoacetyl-CoA. The latter is subsequently reduced by an 
acetoacetyl-CoA reductase (PhaB, slr1994) to form 3-hydroxy-butyrate, while oxidizing NADPH 
to NADP+ (Taroncher-Oldenburg et al., 2000). Finally, a two-subunit PHA synthase, composed 



of PhaC (slr1830) and PhaE (slr1829), polymerizes 3-hydroxybutyryl-CoA to a PHB polymer 
(Hein et al., 1998). It has been shown by Zhang et al., that FabG, which is the first NADPH-
dependent reductase in the fatty acid biosynthesis pathway, can catalyse the same reaction 
as PhaB (Zhang et al., 2017). However, the physiological importance of this reaction seems to 
be rather small. Other organisms, like Pseudomonas aeruginosa, use other pathways, where 
3-hydroxyacyl-ACP is converted to 3-hydroxyacl-CoA via the enzyme PhaG (Hoffmann et al., 
2000). As a result, the latter enzyme connects PHB synthesis with fatty acid anabolism. In 
contrast to that, PhaJ, which catalyses the reaction from enoyl-CoA to 3-hydroxyacyl-CoA, 
links PHB metabolism with fatty acid catabolism (β -oxidation) (Reiser et al., 2000). Although 
these pathways have not been found in Synechocystis, they are potential routes to further 
increase the pool of PHB precursors (Philip et al., 2007).  For an overview, Lu et al. have 
summarized PHA pathways present in different bacteria (Lu et al., 2009). A simplified overview 
is given in Figure 3. 

 

Figure 3.  Potential PHA synthesis routes known from different organisms. The carbon can be derived from fatty 
acid synthesis (green) or degradation (blue) or carbohydrates. The most important enzymes are marked in red. 
Abbreviations: PhaA, 3-ketothiolase; PhaB - acetoacetyl-CoA reductase; PhaC - PHA polymerase (in 
Synechocystis the heterodimer PhaEC); PhaG, 3-hydroxyacyl ACP:CoA transacylase; PhaJ - enoyl-CoA 
hydratase (modified from (Aldor and Keasling, 2003).   

 

Besides the mentioned enzymes PhaA, PhaB and PhaEC, other proteins, which are not directly 
involved in PHB metabolism, play important roles for the formation of PHB granules. One 
example is PhaP, a recently discovered protein, belonging to the group of phasins. It forms an 
outer layer, surrounding the PHB granules and thereby regulating their volume to size ratio 
(Hauf et al., 2015). Still, fundamental enzymes remain unknown. For example, any PHB 
degrading enzymes, like a PHB depolymerase (phaZ), have not been identified yet.  

Besides this, the true physiological function of PHB in Synechocystis is still puzzling. Unlike in 
other organisms, where PHB serves mainly as a storage polymer for carbon and energy, no 



growth disadvantage is visible when mutants deficient in PHB synthesis (such as ΔphaEC 
mutants) recover from nitrogen starvation (Damrow et al., 2016). It is known from literature, 
that PHB can serve various functions, besides being a storage polymer (Jendrossek and 
Pfeiffer, 2014, Slaninova et al., 2018, Batista et al., 2018, Nowroth et al., 2016). Further 
investigation is needed to better understand the physiological functions of PHB in 
cyanobacteria. This knowledge will help to further optimize cyanobacterial strains for 
industrial production of PHB.   

Industrial application 
Background 

Nowadays, most industrially produced PHB comes from heterotrophic bacteria, like 

Cupriavidus necator. This organism comes with many advantages, as it is fast growing and 

shows high production rates of PHB (~90% / CDW) (Anderson and Dawes, 1990). However, 

one of its limitations is the large quantity of organic carbon source, which C. necator requires 

(Reis et al., 2003, Mudliar et al., 2007). Additionally, these organic carbon sources are usually 

produced from plants like maize, which requires valuable cropland. Especially in the future, 

when the degradation of arable farm land is progressing due to climate change, using food 

crops for the production of plastics would become more of an ethical problem (Harding et al., 

2007, Issa et al., 2019, Posen et al., 2016). Hence, a more sustainable way of producing PHB, 

especially on a large scale, is urgently needed. As cyanobacteria could be helpful organisms to 

achieve this goal, their potential and obstacles for an industrial production of PHB are 

described in the following sub-chapters.  

Physical properties of PHB and its derivates 

PHB is a polymer consisting of 3-hydroxybutyryl-CoA monomers which are connected via an 

ester bondage (Rajan et al., 2017). It belongs to the group of polyhydroxy-alkanoates (PHA). 

PHB monomers are composed out of four carbon atoms, while other PHAs contain longer 

chain lengths (Anderson and Dawes, 1990). This drastically changes their physical properties. 

While PHB is rather brittle and not flexible, an elongation of the carbon chain from four to five 

(poly-hydroxy-valerate, PHV) or six (poly-hydroxy-hexanoate, PHH) carbon atoms creates 

much more flexible polymers with increased elongation properties (Steinbüchel, 1992). 

Depending on the length of the monomers, they are classified as short, medium or long-chain 

length PHAs. From an industrial point of view, a copolymer is desirable, as it combines the 

properties of the different monomers (Verhoogt et al., 1994). There have been various 

successful attempts to produce these co-polymers, like poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate), in heterotrophic bacteria (Park et al., 2005). Some of these co-polymers 

combine good tensile strength with sufficient elongation properties, while still having a good 

biodegradability (Noda et al., 2009). Their function can be further modified by the inclusion of 

aromatic PHAs (Ishii-Hyakutake et al., 2018). Since Synechocystis is harbouring a class III PHA 

polymerase, it is only able to produce short-chain-length PHAs though (Hein et al., 1998). 

Synechococcus sp., on the other hand, is not a naturel producer of PHAs.  

Biodegradability  

Several studies have investigated the biodegradability of various kinds of bioplastics. It turned 

out that PHB and its variants in general harbour a better biodegradability than many other 

bioplastics, like PLA (Narancic et al., 2018). From an environmental point of view, the 



ecological footprint of plastics can be further improved if the product is recyclable (Rujnić-

Sokele and Pilipović, 2017). However, there are still many obstacles to overcome. One 

example is the similar weight and density of bioplastics and petroleum-based plastics, which 

hampers the sorting and separation process. In a marine and soil environment, PHB shows 

good biodegradability properties (Narancic et al., 2018). When kept under aerobic conditions, 

it decomposes to CO2 and H2O. However, under anaerobic conditions, CH4 and CO2 is formed 

instead (Vieira et al., 2018). Since CH4 is a potent greenhouse gas, a controlled degradation is 

required to avoid the emission of undesirable products. Depending on the composition of the 

co-polymers, the degradation times also vary (Narancic et al., 2018). However, so far, the 

production in cyanobacteria focused mostly on PHB and neglected other PHAs or copolymers. 

Application of PHB as plastic 

There have been many potential applications proposed for PHB based plastics (Albuquerque 

and Malafaia, 2018). As the monomers D-3-hydroxybutyrate is part of the human blood, PHB 

shows good biocompatibility. This makes PHB an interesting raw material for the production 

of medical products, such as nanofibers or biocompatible implants (Luef et al., 2015). Another 

application of PHB includes the usage in agriculture, where it can be used for the production 

of agricultural foil. Due to its good biodegradability, the foil can be left behind on the field or 

ploughed into the soil.  

The great advantage of PHB over other (bio-) plastics is its potential to be produced carbon 

neutral, as well as its good biodegradability. These advantages would be more relevant for the 

production of bulk chemicals, such as a possible substitute for conventional plastics for 

packaging. The total global production of plastics is estimated be more than 8300 million 

metric tons, from which the majority is used for packaging (Geyer et al., 2017). This shows the 

great potential of a carbon neutral bioplastic. However, so far bioplastics contribute only for 

about 2% to the global plastic market, from which 1.4% are PHAs in the European union 

(European-Bioplastics, 2018). The main obstacle to overcome are the high production costs of 

PHAs, which limits the potential to contribute a bigger part to the global plastic market.  

Reactor types  

To further increase the production yield of PHB and thereby decrease its price, effective 

reactor designs for cyanobacteria are required. So far, only very few attempts of medium size 

reactors have been constructed, while the feasibility of a large scale photobioreactor still 

needs to be demonstrated. To the best of our knowledge, the largest attempt so far has been 

constructed by the group around Troschl et al. (Troschl et al., 2017). With a total volume of 

200 l, they have demonstrated the production of PHB in a larger photobioreactor. To further 

increase the production, the reactor was coupled to the chimney of a coal power plant, 

providing flue gas with increased CO2 concentrations. Although production rates were with 

9% / CDW rather low, other promising approaches have been introduced recently. One 

example is the “Christmas tree bioreactor”, which has been developed by the company GICON 

(GICON, 2019). This new reactor design allows for an overall usable volume of more than 1,000 

l per reactor. However, its efficiency, especially regarding its production of PHB, needs to be 

demonstrated. Besides new reactor designs, alternative growth conditions promise high 

production rates. One example are mixed cultures, where a cyanobacterial strain is cultured 

together with another heterotrophic growing bacteria (Hoschek et al., 2019, Weiss et al., 



2017). In a similar approach, Synechococcus and Pseudomonas putida were cocultured, with 

the idea that the cyanobacterial strain fixes CO2 and secretes it as sucrose. The latter can then 

be taken up by the heterotrophic strain, which converts the sugar into PHB. However, so far 

such approaches resulted in rather low yields (Löwe et al., 2017). Although there are many 

promising approaches how to culture cyanobacterial production of PHB, the production in a 

larger scale photobioreactors still has to be demonstrated.   

The largest reactors used for microalgae cultivation so far have been open raceway ponds 

(Costa and de Morais, 2014). They are commonly used for the cultivation of Spirulina as a food 

supplement. The main disadvantages of open raceway ponds are difficulties to control growth 

parameters, such as pH, temperature and contaminations. On the other hand, they come with 

low construction costs and can easily be scaled up to larger volumes. In an economic 

comparison, Richardson et al. showed that open raceway ponds are more economical feasible 

than photobioreactors (Richardson et al., 2012).  

 

 

 A    B  

Figure 4. Examples for different reactor types. A) 200 l pilot plant for the production of PHB in cyanobacteria (Tulln, Austria). 
B) An open pond reactor for the production of cyanobacteria (Kharagpur, India). 

Production process 

Since PHB production is induced by depleting the cultivation medium (commonly BG11 is used) 
from one of the macronutrients nitrogen, phosphate or potassium (Panda and Mallick, 2007), 
cultures have to be shifted to nutrient –depleted medium This can either be done by 
centrifuging the bacterial culture and exchanging the medium. Alternatively, self-limitation 
occurs once cyanobacteria consumed all the available nitrogen in the medium 
(Kamravamanesh et al., 2017). 

Besides the limitation of important nutrients, PHB production can be further increased by the 
addition of organic carbon sources, such as acetate (Panda et al., 2006). Although this yields 
in a significantly increase in PHB, acetate is a costly component, which increases the overall 
production costs. This could be overcome by using wastewater, such as sewage. The latter can 
have high contents of organic substances, which could be converted intracellularly into PHB. 
However, most studies about cyanobacterial cultivation in waste water showed only slow 
growth rates and limited PHB production (Samantaray et al., 2011, Panda et al., 2006).  



Besides alterations of the media composition, there has been reports that the limitation of 
gas exchange further increased the overall yield of PHB (Panda and Mallick, 2007). In contrary 
to this study, Kamravamanesh et al. have detected a reduction of PHB production when they 
applied gas exchange limitation to Synechocystis sp. PCC 6714 (Kamravamanesh et al., 2017).  
To the best of our knowledge, this has not been tested on a larger scale reactor though. Other 
important factors are the adjustment of the pH, nutrients, temperature, CO2 availability as 
well as light intensity (Panda et al., 2006, Esteves-Ferreira et al., 2017, van Alphen et al., 2018). 
While all these conditions can easily be adjusted in a controlled photobioreactor, they are 
challenging when open pond cultivation is considered. It is known, that an increased 
availability of light and CO2 can boost cyanobacterial growth (Esteves-Ferreira et al., 2017). 
For example, the strain Synechococcus elongatus UTEX 2973 has a doubling time of only 1.9 
hours when grown at 41°C under continuous 500 μmoles photons m−2 s−1 light with 3% CO2 

(Yu et al., 2015). At the same time, the supply of temperature, light and CO2 is an additional 
cost factor. A potential solution could be the cultivation in countries, which have a higher 
overall temperature and light intensity. For example, the production of the cyanobacterium 
Spirulina sp. as a food supplement is produced in southern India (Figure 5 A). To increase the 
concentration of CO2 while at the same time sequestering it from the atmosphere, flue gas 
from nearby powerplants can be used (Figure 5 B) (Troschl et al., 2017, Acién et al., 2012).  

A    B  

Figure 5 (A) Open cultivation of Spirulina in Auroville, India. (B) Greenhouse in Tulln, Austria. It is located next to a coal 

power station, from where some of the exhaust is used to provide CO2 to the cyanobacterial cultures.  

Overall, for many strain-optimization-approaches it remains challenging to either adapt the 

strain to optimal conditions, like they are present in a controlled bioreactor. In contrast to 

that, the requirements for strains and cultivation conditions for a large-scale incubation, such 

as an open racing pond, differ strongly. It is hence questionable, if the attempts to further 

optimize strains and conditions should focus on the highest efficiency possible in an artificial 

surrounding. Alternatively, adapting strains to simpler conditions, like they are present during 

outside cultivation, would be relevant. 

 

Downstream processing 

The purification of PHB from cyanobacteria remains a challenging task and is a relevant cost 

factor (Singh and Mallick, 2017). To purify PHB, cell disruption and pigment extraction are 



required. There are different ways of cell disruption, including enzymatic or mechanical 

extraction, like milling. Solvent extraction can be performed in chloroform, ethanol, acetone 

or ethylene (Gangurde and Sayyed, 2012). Pigment extraction is necessary to achieve PHB in 

processable quality (Meixner et al., 2018). Detection of PHB is usually done with HPLC or GC 

(Kadiyala, 2014). 

 

Metabolic engineering 
 

While PHB represents an interesting biotechnological product, certain metabolic engineering 

strategies intend to reroute the metabolic fluxes away from PHB to other desired products 

(Grundel et al., 2012, Xie et al., 2011, Namakoshi et al., 2016). In this case it is a common 

approach to delete the PHB synthesis genes, phaEC, and thereby eliminate PHB production. 

Since a ΔPHB mutant shows no growth phenotype, this has no negative consequences, while 

at the same time production rates of other products can be increased (Damrow et al., 2016). 

However, many metabolic engineering strategies have been applied to further increase the 

PHB production. The most relevant ones are described in the following.  

 

Alternative pathways  

As already mentioned in the paragraph ‘PHB metabolism in cyanobacteria’ above, 

Syenchocystis operates just one pathway towards PHB, which is via acetyl-CoA. However, 

there are further metabolic routes known in other organisms. One strategy to boost PHB 

production is by increasing the amount of precursors, as in the form of acetyl-CoA. One 

approach was the introduction of a phosphoketolase pathway, as shown by Carpine et al.  

(Carpine et al., 2017). The phosphoketolase Xfpk from Bifidobacterium breve converts xylose 

5-P or fructose 6-P into acetyl-P and glyceraldehyde 3-P, which can be further converted to 

acetyl-CoA. They reported a PHB content of 12% / CDW (Carpine et al., 2017). For the 

production of PHAs with longer chain length, the introduction of pathways, which produce 

longer precursors, could be helpful. One option represents the gene phaG, which connects 

the fatty acid biosynthesis with PHB production. To the best of our knowledge, this possibility 

has not been tested so far. It has recently been shown that the amount of reduction 

equivalents in the form of NADPH restricts the PHB production (Hauf et al., 2013). Hence, 

increasing the amount of NADPH could further boost the amount of intracellular PHB.  

Furthermore, coupling the production of PHB with growth could be desirable. This would 

avoid the necessity to transfer the culture to nitrogen depleted medium. So far, there have 

only been very limited attempts to achieve this goal. One example is the overexpression of 

the native phaAB genes in Synechocystis, which resulted in a production of 9% / CDW, even 

under growth in BG11(Khetkorn et al., 2016).  



Genetical engineering 

Besides introducing pathways to provide more PHB precursors, several other strategies have 

been applied to genetically alter Synechocystis.  Detailed lists about created strains and their 

produced yield have been previously reviewed in several publications (Kamravamanesh et al., 

2018, Singh and Mallick, 2017, Vieira et al., 2018).  

The most common approach was to overexpress native or heterologous PHB synthesis genes 

(Khetkorn et al., 2016, Hondo et al., 2015, Takahashi et al., 1998, Sudesh et al., 2002). Often 

the genes phaABC of Cupriavidus necator were uses, since this strain can natively reach values 

of up to 80% PHB / CDW. These genes were then coupled to strong promotors, like psbA2, 

which originally sits in front of the D1 protein of the Photosystem II and shows very high 

expression levels (Khetkorn et al., 2016, Englund et al., 2016).  

Another interesting approach has been suggested by Osanai et al., when they overexpressed 

the response regulator rre37 (Osanai et al., 2014). This caused an acceleration of the glycogen 

catabolism. As shown recently (Hauf et al., 2013), the intracellular pools of PHB and glycogen 

are connected (Koch et al., 2019). Hence, a degradation of the latter causes an increase of the 

former. A similar effect was observed when the sigma factor sigE was overexpressed (Osanai 

et al., 2013). Again, an increase of glycogen degradation and PHB synthesis genes was 

observed, leading to higher overall values of PHB. However, the effects of upregulated 

glycogen/PHB metabolism genes appeared to be rather transient, since they are changing 

during the course of chlorosis (Nakaya et al., 2015).  

With the emergence of new technologies, genetic alterations could be achieved even faster. 

The discovery of CRISPR Cas allows markerless genome editing (Wendt et al., 2016), while 

CRISPRi allows to specifically tune down the gene expression (Yao et al., 2016). However, the 

efficiency of this relatively new technique has to be further optimized (Behler et al., 2018, 

Ungerer and Pakrasi, 2016).  

Some of the highest intracellular PHB values have been achieved in a random mutagenesis 

approach. By applying UV light, random mutations were introduced,  which were then 

screened for strains with high PHB production rates (Kamrava et al., 2018). In one of these 

screenings, a mutant was discovered which produces 2.5 more PHB compared to the WT.  

Conclusions and outlook  

Limitations  

PHB production in cyanobacteria has come a long way. However, there are still many 
obstacles, which have to be overcome to produce PHB for a compatible price. Still, the overall 
yield of PHB is too low, especially compared to heterotrophic bacteria (Kamravamanesh et al., 
2018). Additionally, a slow growth rate further limits the final yield and production rate. While 
heterotrophic bacteria are able to produce PHB during exponential growth, cyanobacteria are 



limited to a production during nutrient limited conditions. Uncoupling these two mechanisms 
could further boost the production rates. Finally, extraction of PHB from the cells remains 
challenging, due to their high pigment content (Ansari and Fatma, 2016).  

Potential 

To overcome these challenges, a combination of different strategies could be applied. For 
example, intracellular fluxes have to be further optimized to convert more carbon towards 
PHB. For this, systems biology provides helpful tools (Sarkar et al., 2019, Janasch et al., 2018). 
Controlling the flux from glycogen to the PHB pool represent promising opportunities (Dutt 
and Srivastava, 2018). Applying such strategies to filamentous cyanobacteria may help to 
generate strains, which facilitate downstream processing. In particular, cells, which are easy 
to separate from the medium are desirable, because harvesting of the cells requires large 
amounts of energy (Monshupanee et al., 2016, Singh and Mallick, 2017). 

In order to make the cyanobacterial production of PHB more feasible, downstream processes, 
where also other side-products would be commercialized, like phycocyanin, have to be 
developed (Meixner et al., 2018). Furthermore, a combination of efficient production strains 
with state of the art photobioreactors have to be tested. As a next step, the upscaling of such 
a process will be necessary to demonstrate feasibility also on a large scale. Finally, more 
research in the field of life cycle assessment is required to completely understand the 
environmental impact of cyanobacterial bioplastics. 
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Cyanophycin Granules 
 

Introduction 

 

Cyanophycin is a biopolymer from cyanobacteria consisting of equal parts of aspartate and 
arginine residues (multi-L-arginyl-poly-L-aspartic acid), which are polymerized by a non-
ribosomal peptide synthetase reaction. Cyanophycin forms amorphous granular structures in 
the cytoplasm termed CGP (Cyanophycin Granule Peptide), which are visible by light 
microscopy. The potential application of cyanophycin has not been fully elaborated, however, 
it may be used in various medical or technical applications and is therefore of biotechnological 
interest (see below). 

CGP was first described in 1887 by botanist Antonio Borzi during microscopic studies of 
filamentous cyanobacteria (Borzi, 1887). He observed light scattering inclusions by using light 
microscopy, which he termed cianoficina. With a C/N ratio of 2:1, CGP is extremely rich in 
nitrogen and consequently its synthesis is tightly linked to the state of nitrogen assimilation. 
Therefore, CGP was proposed to serve as a nitrogen reserve polymer in cyanobacteria.  Recent 
research proposes that the metabolism of CGP is more complex and may serve various 
functions in cyanobacterial physiology.  

CGP granules were isolated for the first time in 1971 from Anabaena cylindrical by differential 
centrifugation (Simon, 1971). CGP is insoluble under physiological conditions but soluble in 
either acidic, basic or highly ionic solutions. CGP can be solubilized by SDS but not by non-ionic 
detergents such as Triton X-100 (Lang et al., 1972). Routinely, CGP is extracted by alkali 
treatment and subsequent precipitation at neutral pH (Frey et al., 2002). The chemical structure 
of CGP was solved in 1976 by Simon and Weathers (Simon and Weathers, 1976). The polymer 
backbone of CGP consists of α-linked aspartic acid residues with the β-carboxylic group of every 
aspartyl moiety linked to the α-amino group of an arginine residue via isopeptide-bonds. CD 
spectroscopy data suggest that a substantial fraction of CGP has β-pleated sheet structure 
(Simon et al., 1980). The individual cyanophycin chains have no fixed length but show 
polydisperse size ranging from 25 to 100 kDa. This is in contrast to CGP producing heterotrophic 
bacteria such as Acinetobacter sp. ADP1, which synthesizes CGP with a lower molecular weight 
ranging from 21 to 28 kDa (Elbahloul et al., 2005). Cyanophycin, produced by genetic modified 
microorganisms harboring the CGP synthesizing enzymes also shows a lower molecular weight 
of 25–45 kDa (Steinle et al., 2008). The factors controlling the length of cyanophycin synthesis 
in cyanobacteria remain to be elucidated.  

 

Biology of Cyanophycin 

Cyanophycin is produced by many different cyanobacteria, both diazotrophic as well as non-

diazotrophic strains of unicellular or filamentous nature (Figure 1). In diazotrophic strains, the 

formation of cyanophycin is directly linked to the nitrogen-fixation process, whereas in non-

diazotrophic strains, the biological significance remained elusive until recently (see below). 

In general, unicellular nitrogen-fixing cyanobacteria temporarily separate nitrogen fixation 

and photosynthesis on a diurnal basis, since these two processes are strictly incompatible due 



to the oxygen sensitivity of nitrogenase. As shown in the cyanobacterium Cyanothece sp. 

ATCC 51142, the cells perform photosynthesis during the day where they accumulate fixed 

carbon in the form of glycogen. This storage material is catabolized during the night to 

support nitrogen fixation with energy and carbon skeletons (Sherman et al., 1998). The 

nitrogen fixation products are immediately converted to cyanophycin and stored as CGP, 

which accumulates during the night. In the subsequent day period, when photosynthesis is 

active again, CGP is degraded to mobilize the fixed nitrogen for anabolic reactions to support 

cell growth. A similar diurnal CPG accumulation during dark periods was also reported in the 

filamentous cyanobacterium Trichodesmium sp., which is the dominant diazotrophic 

cyanobacterium in tropical and subtropical seas and therefore of global importance in N and 

C cycling (Finzi-Hart et al., 2009).  

Multicellular cyanobacteria of the order Nostocales are characterized by a spatial separation 

of photosynthesis and nitrogen fixation through a cell differentiation process. Nitrogenase is 

confined to specialized cells termed heterocysts, which differentiate along the filament in a 

semi-regular pattern from vegetative cells (Herrero et al., 2016). Heterocysts are terminally 

differentiated cells equipped with an oxygen diffusion barrier to provide the adjacent 

vegetative cells with products from nitrogen fixation. This type of metabolic differentiation 

requires an efficient metabolite transport system that connects all cells within a filament, a 

task that is performed by septal-localized channels resembling eukaryotic gap junctions 

(Weiss et al., 2019). In the heterocysts, CGP is particularly prominent. It appears in the form 

of “polar nodules” at the contact site to adjacent vegetative cells. The polar nodes are easily 

recognized by light microscopy and as such they are characteristic morphological signatures 

of heterocysts (Ziegler et al., 2001) (Figure 1). CGP in the polar nodules could serve as a sink 

for fixed nitrogen in the heterocyst to avoid feedback inhibition from soluble products of 

nitrogen fixation (Burnat et al., 2014). At the contact site to vegetative cells, CGP is cleaved by 

the action of cyanophycinase into Asp-Arg dipeptides, to provide fixed nitrogen to the 

vegetative cells.  CGP catabolic enzymes are present at significantly higher levels in vegetative 

cells than in heterocysts, indicating a sophisticated spatial organization of nitrogen 

metabolism. Surprisingly, under standard laboratory conditions, this mode of metabolic 

organization appears to be dispensable, since mutants of Anabaena sp. PCC 7120 or 

Anabaena variabilis, lacking the CGP synthetic genes, were little affected in diazotrophic 

growth under usual cultivation conditions (Picossi et al., 2004). However, a growth defect was 

observed under stressful high light conditions (Ziegler et al., 2001, Burnat et al., 2014), 

indicating that cyanopyhcin plays a role in copin with metabolic stress. Moreover, 

diazotrophic growth is significantly decreased in strains, which are unable to degrade CGP 

(Picossi et al., 2004).   

  



 

Figure 1 Light and electron microscopic pictures of CGP accumulating cyanobacteria. In light 

microscopic pictures, CGP were stained using the Sakaguchi reaction (Watzer et al., 2015). 

The intensity of the red color indicates the amount of arginine. Dark red to purple dots are 

CGP granules [CG]. A. and B. show phosphate starved Synechocystis sp. PCC 6803 in light and 

transmissionelectron microscopy, respectively. C. Cyanothece sp. PCC 7424 cultivated in 

presents of nitrate and continuous light. D. Filament of diazotrophic growing Anabaena sp. 

PCC 7120 with terminal heterocyst containing polar bodys [PB]. C. Transmission electron 

micrographs of a heterocyst and adjacent vegetative cell from Anabaena sp. PCC 7120, 

showing a GCP consisting polar body [PB]. D. filamentous cyanobacterium of genus 

Oscillatoria cultivated with nitrate supplementation, showing small CGP granules. G. 

phosphate starved Anabaena variabilis ATCC 29413 under nitrate supplemented growth. H. 

Nostoc punctiforme ATCC 29133 under phosphate starvation and nitrate supplementation. I 

and J. show mature akinetes of Anabaena variabilis ATCC 29413 and Nostoc punctiforme 

ATCC 29133, respectively.  

 

Several of the heterocyst-forming cyanobacteria are able to differentiate another type of 

specialized cells, the akinetes.  These are resting cells able to survive long periods of 

unfavorable conditions. During akinete development, the cells transiently accumulate CGP in 

addition to other storage compounds such as glycogen or lipid droplets  (Perez et al., 2016) 

(Figure 1). In mature akinetes, CGP disappears gradually and when the akinetes germinate, 

CGP reappears transiently (Perez et al., 2018). Apparently, synthesis of CGP seems inessential, 

since Anabaena variabilis akinetes lacking CGP granules are not impaired in germination. This 



behavior agrees with early observations suggesting that CGP is not the direct nitrogen source 

for protein biosynthesis in germinating akinetes (Sutherland et al., 1985).  

In non-diazotrophic cyanobacteria, CGP can only be detected under unbalanced growth 

conditions. In exponentially growing cells, its amount is usually less than 1 % of the cell dry 

mass. However, when growth is retarded or arrested due to unfavorable conditions, which 

impair growth but allow nitrogen assimilation (antibiotic treatment; sulfate, phosphate or 

potassium starvation), the cells may start to build up CGP, which can amount up to 18 % of 

the cell dry mass (Allen et al., 1980). When Synechocystis cells recover from prolonged 

nitrogen starvation, by adding nitrate to the starved cells, they transiently accumulate CGP. 

This raised the question regarding the biological significance of transient CGP accumulation. 

This issue was recently solved by Watzer and Forchhammer (Watzer and Forchhammer, 

2018a). The transient accumulation of CGP becomes beneficial to the cells under conditions 

of fluctuating and limiting nitrogen supply. Whereas wildtype Synechocystis cells are able to 

fully recover from prolonged nitrogen chlorosis when they are provided with pulses of nitrate, 

recovery is severely delayed in a mutant deficient in cyanophycin synthesis (cphA mutant, see 

below). This phenotype becomes even more prominent when cells are cultivated in 12 h 

day/night cycles. From these findings, it can be concluded that under natural conditions, 

characterized by fluctuating nutrient and light supply, cyanophycin synthesis allows 

intracellular sequestration of nitrogen assimilation products, so that under periods of 

nitrogen shortage, cyanophycin degradation provides anabolic precursors to continue growth. 

Even under constant illumination and a constant but limited nitrogen supply, the wild-type 

has a growth advantage over the cphA mutant. This suggests that CGP synthesis optimizes the 

nitrogen assimilation process.  

Genes and enzymes of CGP metabolism 

The genes for cyanophycin synthesis (cphA) and degradation (cphB) are often clustered. In 

Synechocystis sp. PCC 6803, the cphA gene lies immediately downstream of cphB, but both 

genes area transcribed independently (Mitschke et al., 2011). In agreement with the more 

complex CGP metabolism in multicellular cyanobacteria two gene clusters encoding cphA and 

cphB paralogues were identified In Anabaena sp. PCC 7120, (Picossi et al., 2004). Generally, 

the expression from the cph2 cluster is lower compared to cph1 and expression is induced 

under diazotrophic growth conditions. Even a third set of ORFs containing putative cphA and 

cphB genes were found in Nostoc punctiforme PCC 73102 and Anabaena variabilis ATCC 

29413 (Fuser and Steinbuchel, 2007), 

 

Cyanophycin Synthetase 

CGP is synthesized from aspartate and arginine monomers by the enzyme cyanophycin 
synthetase (CphA1), first described in 1976 (Simon, 1976, Berg et al., 2000) (Figure 2). In a two-
step reaction, CphA first elongates the chain by the addition of aspartate and subsequently, 
attaches arginine via isopeptide bond formation to the free β-carboxyl group of the newly 
added aspartyl-residue. The in vitro elongation reaction requires ATP, KCl, MgCl2 and a sulfhydryl 
reagent (-mercaptoethanol or DTT). To start the elongation reaction CphA1 needs a so far 
unknown CGP primer (Simon, 1976). The primer requires at least three Asp-Arg building blocks 



(β-Asp-Arg)3 (Berg et al., 2000). An exception is CphA1 of Thermosynechococcus elongates 
strain BP-1, which shows primer-independent CGP synthesis (Arai and Kino, 2008). 

 

CphA1 enzymes range in size from 90 to 130 kDa (Watzer and Forchhammer, 2018b). In its 
active state, CphA1s from Synechocystis sp. PCC6308 and Anabaena variabilis PCC7937 are 
probably homodimeric (Ziegler et al., 1998), while the primer-independent CphA1 from 
Thermosynechococcus elongates strain BP-1 forms a homotetramer (Arai and Kino, 2008). In 
agreement with the reaction mechanism, the primary structure of CphA1 consists of two parts 
(Ziegler et al., 1998). The C-terminal part is similar to peptide ligases such as murein ligase and 
folylpolyglutamate ligase. The N-terminal part of CphA1 shows sequence similarities with 
another superfamily of ATP-dependent ligases like carboxylate-thiol and carboxylate-amine 
ligase. Accordingly, two different active sites, each one in the N- and C-terminal region, have 
been predicted (Berg et al., 2000).  

The CGP elongation cycle starts at the free carboxy-group of the terminal aspartyl-residue of 
the growing cyanophycin chain. First, this group is activated by phosphorylation using ATP. 
Subsequently, a peptide bound is formed between the phosphorylated carboxyl-group and the 

amino-group of the newly attached aspartyl-residue. The reaction intermediate (β-Asp-Arg)n-
Asp is then translocated to the second  active site of CphA1, where the β-carboxyl group of the 
newly attached aspartate becomes phosphorylated. Finally, the α-group of arginine is linked to 
the β-carboxyl group of aspartate, forming an isopeptide bond (Berg et al., 2000). 

CphA1 of Synechocystis sp. PCC 6308 has been characterized in detail (Aboulmagd et al., 2001).  
Apparent Km values were determined for aspartate (450 µM), for arginine (49 µM) for ATP 
(200µM) and for CGP as priming substance (35 µg/ml). The higher affinity for arginine compared 
to aspartate reflects the lower cellular level of arginine compared to the abundant amino acid 
aspartate. In vitro, CphA1 converts 1.3 ± 0.1 mol ATP to ADP per mol incorporated amino acid.  

In general, CphA1 is the only cyanophycin synthesizing enzyme in non-diazotrophic 
cyanobacteria. However, in many nitrogen-fixing cyanobacteria, an additional version of 
cyanophycin synthetase is present, termed CphA2. Recently, the function of this isoenzyme has 
been resolved (Klemke et al., 2016). Compared to CphA1, CphA2 has a reduced size due to 
truncation of the C-terminal region with only the N-terminal active site being conserved. The 
substrate of CphA2 is the β-aspartyl-arginine dipeptide, which is back-converted to 
cyanophycin, consuming one molecule of ATP per reaction. Lack of CphA2 does not reduce the 
overall CGP content, but a CphA2-deficient mutant displays a similar phenotype as a CphA1 
mutant under diazotrophic growth at high light intensities. The "futile cycle" of CGP hydrolysis 
and immediate repolymerization by CphA2 may be beneficial for the distribution of nitrogen 
fixation products in the filament (Forchhammer and Watzer, 2016). 

Cyanophycin degrading enzymes 

Degradation of CGP requires a special hydrolytic enzyme, since this polypeptide is resistant 
towards conventional proteases. In cyanobacteria, intracellular degradation of cyanophycin 
involves the cyanophycinase CphB, which catalyzes the hydrolytic cleavage of CGP to β-Asp-Arg 
dipeptides. CphB is a 29.4 kDa C-terminal exopeptidase, related to dipeptidase E (PepE) (Richter 
et al., 1999). CphB is highly specific to cyanophycin hydrolysis, probably to unique structural 
properties of the active site (Law et al., 2009). Distinct from CphB, several heterotrophic 
bacteria harbor an enzyme for the extracellular degradation of cyanophycin. For example, in 
the culture supernatant of Pseudomonas anguilliseptica culture, an extracellular 
cyanophycinase was characterized, termed CphE (Obst et al., 2002). 



Following the cleavage of CGP into β-Asp-Arg dipeptides, a dipeptidase activity releases the 

monomeric amino acids arginine and aspartate (Figure 2). The corresponding enzyme was 

identified as a "plant-type asparaginase" corresponding to ORF sll0422 from Synechocystis sp. 

PCC 6803 or ORF all3922 from Anabaena sp. PCC 7120 (Hejazi et al., 2002). These enzymes 

have quite broad substrate specificity. In addition to displaying asparaginase activity, they 

cleave various isoaspartyl peptides, which may arise from proteolytic degradation of modified 

proteins containing isoaspartyl residues or from the degradation of cyanophycin. The mature 

enzyme consists of two protein subunits, which are generated from a primary transcript by 

autoproteolytic cleavage forming an α2β2 quaternary structure (α derived from the N-terminal 

part and β form the C-terminal part of the precursor). 

 

 

Figure 2 Schematic illustration of CGP metabolism in cyanobacteria. CGP is synthesized from 

aspartate and arginine by CGP Synthetase (CphA1) in an ATP-depending elongation reaction 

using CGP primers, containing of at least three Asp-Arg building blocks. Intracellular CGP 

degradation is catalyzed by the CGPase (CphB). The β-Asp-Arg dipeptides resulting from 

cleavage of CGP is further hydrolysed by isoaspartyl dipeptidase, releasing aspartate and 

arginine. In many nitrogen-fixing cyanobacteria, an second CGP synthetase, CphA2, is present. 

CphA2 requires β-aspartyl-arginine dipeptides to synthesize CGP. 

 

Regulation of cyanophycin metabolism 

In filamentous nitrogen fixing cyanobacteria, cyanophycin synthesis is of particular relevance 
during nitrogen-fixing conditions as outlined above. In Anabaena sp. PCC 7120, the genes for 
CGP synthetases and CGPases are much higher expressed in heterocysts than in vegetative cells, 
whereas asparaginase All3922 is present in significantly lower levels in heterocysts than in 
vegetative cells (Burnat et al., 2014). Deletion of All3922 causes elevated levels of CGP and β-
Asp-Arg dipeptides and the mutant shows an impaired diazothrophic growth, similar to the 
phenotype from CphB deletion mutants. It is assumed that cleavage of the CGP in heterocyst 
polar nodules is catalyzed by CphB and the released β-Asp-Arg dipeptides are transported to 



the adjacent vegetative cells. However, the detailed spatio-temporal regulation of cyanophycin 
metabolism in the multicellular cyanobacteria remains to be elucidated.  

The situation is much clearer in unicellular non-diazotrophic cyanobacteria. Here, the 
accumulation of CGP is triggered exclusively by growth conditions that reduce or arrest growth 
and in presence of combined nitrogen sources. While during exponential growth the amino 
acids arginine and aspartate are used for protein biosynthesis, under growth-limiting 
conditions, protein biosynthesis is slowed down, making aspartate and arginine available for 
CGP synthesis (Watzer et al., 2015). In this regard, the availability of arginine is of particular 
relevance. 

A link between regulation of arginine biosynthesis and CGP metabolism was suggested by the 
phenotype of a mutant deficient in arginine biosynthesis control (Maheswaran et al., 2006). 
Synthesis of arginine is controlled mainly by the first committed step of the ornithine pathway, 
catalyzed by N-acetylglutamate kinase (NAGK) (Llacer et al., 2008). NAGK activity is subjected 
to allosteric feedback-inhibition by arginine and is activated by the PII signal transduction 
protein (see below) (Heinrich et al., 2004, Beez et al., 2009). The PII signaling protein acts as a 
coordinator of central carbon/nitrogen assimilatory reactions by sensing the ATP/ADP ration of 
the cells and the level of 2-oxoglutarate (Forchhammer and Lüddecke, 2016). A PII deficient 
mutant of Synechocystis PCC 6803 has low NAGK activities and is, therefore, unable to increase 
arginine levels in response to nitrogen-upshift. While in wild-type cells nitrogen-upshift 
increases the cellular arginine levels together with the accumulation of cyanophycin, the PII 
deficient mutant is unable to raise the arginine levels and fails to accumulate cyanophycin 
(Maheswaran et al., 2006).  

The nitrogen-regulated response regulator NrrA has also influence on arginine and CGP 
biosynthesis. A NrrA-deficient mutant in Synechocystis sp. PCC 6803 shows reduced intracellular 
arginine levels and consequently, reduced CGP amount (Liu and Yang, 2014). 

All these results and observations point towards arginine as main bottleneck of CGP 
biosynthesis, while aspartate plays a minor role. CGP accumulation occurs as a result of arginine 
enrichment in the cytoplasm.  

 

Cyanophycin overproduction and potential industrial applications 

Since arginine synthesis is a limiting factor for CGP accumulation, overproduction of CGP 
requires enhanced arginine synthesis. A single amino acid replacement in cyanobacterial PII 

signaling protein (Ile86 to Asp86) generates a PII variant (PII-I86N) that constitutively binds to 
the controlling enzyme of arginine synthesis, NAGK, in vitro and enhances its activity (Fokina et 
al., 2010). Replacing the wild-type allele for PII in Synechocystis by this variant results in a strain, 
which has constitutively high NAGK activity and 10-fold increased levels of arginine (BW86) 
(Watzer et al., 2015). Already under balanced growth conditions with nitrate as nitrogen source, 
strain BW86 accumulates up to 15.6 ± 5.4 % CGP relative to the cell dry mass (CDM), while CGP 
in the wild-type is barely detectable (Fig. 3). Phosphate or potassium starvation further 
increases the CGP content of strain BW86 up to 47.4 ± 2.3 % or 57.3 ± 11.1 % per CDM, 
respectively (Trautmann et al., 2016). The cyanophycin, which is produced by strain BW86, 
shows a high polydispersity ranging from 25 to 100 kDa, similar to the polydispersity of wild-
type cyanobacterial CGP (Watzer et al., 2015).  This contrasts CGP from recombinant producer 
strains using heterologous expression systems such as heterotrophic bacteria, yeasts or plants, 
whose recombinantly produced CGP shows polydispersity ranging from 25 to only 45 kDa (Frey 
et al., 2002, Watzer and Forchhammer, 2018b). The novel cyanobacterial producer stain for 



cyanophycin may provide a valuable resource for the synthesis of large quantities of natural 
long-chain cyanophycin with so-far unexplored properties. 

 

 

 

 

 

 
Fig. 3: Transmission electron micrographs of Synechocystis PCC6803 wild-type cell (left) in comparison to 
cyanophycin overproducing strain BW86 (right). The amorphous granular material with in the cell represents 
cyanophycin.  

  

The natural compound cyanophycin has up to now no industrial application whereas chemical 
derivatives of CGP are of potential biotechnological interest. CGP can be converted via 
hydrolytic β-cleavage to poly(α-L-aspartic acid) (PAA) and free arginine. Arginine is a valuable 
product and PAA is biodegradable and has a high number of negatively charged carboxylic 
groups, making PAA to a possible substituent for polyacrylates (Khlystov et al., 2017). PAA can 
be employed as anti-sealant or dispersing ingredient in many fields of applications, including 
washing detergents or suntan lotions. Furthermore, PAA has potential application areas as an 
additive in paper, paint, building or oil industry (Obst and Steinbuchel, 2004).  

In addition to its use as polymer, CGP can also serve as a source for constituent dipeptides and 
amino acids in food, feed and pharmaceutical industry. The amino acids arginine (semi-
essential), aspartate (non-essential) and lysine (essential) derived from CGP have a broad 
spectrum of nutritional or therapeutic applications. Large scale production of these amino 
acids, as mixtures or dipeptides, is established in industry, with various commercial products 
already available on the market (Sallam and Steinbuchel, 2010). 
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Outlook 

Much research has been done on investigating cyanobacterial biopolymers. Nevertheless, so 
far there are only very few examples of products which have been introduced to the market. 
Especially for the biopolymers glycogen and polyphosphate, more  

Still, technical innovations always occur within the constraints of a political system. The 
societal awareness for environmental problems, for example caused by single-use plastics, is 
on the rise. Hence, a regulation of fossil-based-plastic production within the next years seems 
likely. The introduction of the political framework supporting sustainable products would 
make the latter more feasible. This could be the case in form of higher taxation of petroleum-
based products, by a ban of conventional single-use plastics or by financial support of research 
regarding sustainable products. All of this will further foster the usage of a carbon neutral 
production in cyanobacteria.  
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The Slr0058 Protein From
Synechocystis sp. PCC 6803 Is a
Novel Regulatory Protein Involved in
PHB Granule Formation
Moritz Koch, Tim Orthwein, Janette T. Alford and Karl Forchhammer*

Interfaculty Institute of Microbiology and Infection Medicine, Eberhard Karls Universität Tübingen, Tübingen, Germany

During phases of nitrogen starvation, the photosynthetic cyanobacterium Synechocystis
sp. PCC 6803 produces polyhydroxybutyrate (PHB). This polymer is of high
biotechnological relevance because of its potential as biodegradable plastic. Analysis
of the Synechocystis genome revealed an operon (slr0058-slr0061) containing several
genes, which are putatively related to the PHB metabolism. While Slr0058 show
similarities with the regulatory phasin PhaF, the protein Slr0060 could serve as an
intracellular PHB depolymerase. Investigation of respective knock-out mutants showed
no distinct phenotype for the strain lacking Slr0060, whereas the 1slr0058 mutant
displayed a growth impairment as well as a change in pigmentation. During nitrogen
starvation, the 1slr0058 mutant produced in average more than twice the amount
of PHB granules per cell, while the overall amount of PHB remained the same. This
indicates that Slr0058 plays a role in PHB granule formation and controls it surface-to-
volume ratio. GFP-tagged Slr0058 did not co-localize with PHB granules during nitrogen
starvation but aggregated in distinct foci during vegetative growth. This work helps to
better understand the PHB metabolism of Synechocystis sp. PCC 6803, coming closer
to a sustainable, industrial production of PHB.

Keywords: PHB (poly-(3-hydroxybutyrate)), Cyanobacteria, bioplastic, Sustainability, Synechocystis 6803, phasin,
PHB-depolymerase, biodegradability

INTRODUCTION

Cyanobacteria are a diverse group of bacteria, which are able to perform oxygenic photosynthesis.
Due to their phototrophic lifestyle they are considered as potential hosts for the sustainable
production of industrially relevant compounds. The cyanobacterium Synechocystis sp. PCC 6803
(hereafter Synechocystis) is one of the best-studied cyanobacterial model strains (Yu et al., 2013).
Its fully sequenced genome and the availability of various genetical tools make Synechocystis to a
versatile microbial chassis (Kaneko et al., 1995; Liu and Pakrasi, 2018). Besides that, Synechocystis is
also an important strain for basic research, due to its diverse lifestyles, as it supports phototrophic,
heterotrophic or mixotrophic growth (Zavřel et al., 2017). Depending on the growth conditions,
Synechocystis evolved to produce numerous biopolymers, such as polyphosphate, cyanophycin
glycogen or polyhydroxybutyrate (PHB) (Damrow et al., 2016). The last two are particularly
relevant under the conditions of nitrogen starvation. For this condition, Synechocystis has evolved
a unique adaptation strategy, namely chlorosis (Collier and Grossman, 1992; Krasikov et al., 2012).
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During this highly orchestrated process, the cells undergo
a transformation into a resting state, allowing the cells to
survive prolonged periods of nitrogen starvation (Schwarz and
Forchhammer, 2005). As defined for Synechococcus elongatus,
chlorosis can be divided into several successive steps (Görl
et al., 1998). Immediately upon nitrogen depletion, the cells
start to accumulate large quantities of glycogen and they rapidly
degrade the major antenna proteins, the phycobiliproteins.
Subsequently, in a second phase, the photosynthetic apparatus
with chlorophyll a is degraded until only traces of photosynthetic
activity remain. Finally, the cells enter a state of metabolic
quiescence in which they remain viably for prolonged periods
of time. In principle, the same process occurs in Synechocystis,
with the main difference that Synechocystis gradually accumulates
PHB by glycogen turnover in the second phase of chlorosis
(Koch et al., 2019). Upon the addition of nitrogen, the chlorotic
process is reversed: in a two-phase event, cells mobilize glycogen
to restore their photosynthetic machinery and then switch to
phototrophy (Klotz et al., 2016; Doello et al., 2018).

Although Synechocystis is a well-studied model strain, many
aspects of PHB granule formation and metabolism remain
unknown. Until today, the physiological function remains
puzzling (Damrow et al., 2016) and only few studies have
characterized the physical properties of PHB (Osanai et al., 2013;
Troschl et al., 2017). Additionally, many essential components
yet have to be discovered, like a PHB degrading depolymerase.
So far, only one PHB granule associated protein has been
identified, the phasin PhaP, which appears to be involved in
controlling the upper size of PHB granules (Hauf et al., 2015).
It is known from other PHB producing bacteria that the PHB
metabolism is a complex process, where many different proteins
are involved. Due to its complexity, the term “carbonosom” was
suggested for PHB granules (Jendrossek, 2009). The model strains
Cupriavidus necator and Pseudomonas putida harbor a set of
different proteins which are involved in the PHB metabolism,
often referred to as phasins. Among them are PHB polymerases
(PhaC) and depolymerases (PhaZ and PhaY), transcriptional
regulators (PhaI), or other regulatory phasins such as PhaF and
PhaM (Pfeiffer and Jendrossek, 2011). Preliminary work in our
lab indicated that in an operon of so far uncharacterized proteins,
novel PHB associated proteins may be present. This work aims
to characterize the two putative phasins Slr0058 and Slr0060 and
their role for the PHB metabolism. The knowledge could help
to further improve the synthesis of PHB in cyanobacteria for a
sustainable production of bioplastics.

MATERIALS AND METHODS

All experiments shown in this work are based on three biological
replicates unless stated otherwise. The arithmetic mean was
calculated including the standard deviation, as indicated by the
error bars at each measurement point.

Cyanobacterial Cultivation Conditions
For preculturing and growth experiments, Synechocystis was
cultivated in BG11 medium (Rippka et al., 1979). All cultivations

with Synechocystis were performed in baffle free Erlenmeyer
shaking flasks. Standard cultivation was performed at 28◦C
with 125 rpm shaking and continuous illumination of ∼50 µE
m−2 s−1 unless stated otherwise. Aeration was ensured by
continuous shaking and ambient air. No additional gassing with
CO2 was applied. Either 50 or 200 ml of cell suspension were
cultivated in 100 or 500 ml Erlenmayer flasks, respectively.
Whenever necessary, appropriate antibiotics were added to the
different strains to ensure the continuity of the mutation.

Chlorosis was induced by changing the medium to nitrogen-
depleted BG0, which contains the same components as BG11,
except sodium nitrate. For the medium change, Synechocystis
cultures were precultivated in BG11 medium up to an OD750
of ∼0.8. The cells were washed with BG0. For this, the cells
were centrifuged, resuspended in BG0 medium and adjusted to
OD750 of 0.4. Cells were resuscitated from nitrogen starvation by
exchanging the growth medium to standard BG11.

For viability assays, BG11 plates containing 1.5% agar were
used. Cultures of OD750 = 0.4 (100) were diluted to 10−1,
10−2, 10−3, and 10−4. Of each dilution, 5 µl were dropped
on a BG11 agar plate. The plates were cultivated seven days
at either continuous light or day-night conditions (12 h light
and 12 h darkness).

A list of all used strains for this study is provided in
Supplementary Table S1.

Molecular Cloning and Transformation
Into Synechocystis
For the assembly of DNA, Gibson cloning was used (Gibson
et al., 2009). Lists of all used primers and plasmids of
this study are provided in Supplementary Tables S2, S3.
Cultivation of Escherichia coli was done as previously described
(Sambrook, 2001). Successful cloning was verified via sequencing.
Transformation into Synechocystis cells were done via natural
transformation in the case of insertions in the genome. Successful
segregation was checked via colony PCR. Whenever transient
plasmids were introduced, triparental mating was used.

Microscopy and Staining Procedures
The visualization of PHB granules was achieved via Nile red
staining and subsequent analysis using fluorescent microscopy.
For this purpose, the Leica DM5500 B with the Leica CTR
5500 illuminator was used. The integrated Leica DFC 360 FX
camera was used for image acquisition. Settings were adjusted
by the Leica Application Suite Advanced Fluorescence (4.0).
For staining of PHB granules, 100 µl Synechocystis culture
was centrifuged at 16.000 × g for 1 min. The supernatant
(80 µl) was discarded and the pellet was resuspended 10 µl
Nile red solution (1 µg/ml). From this mixture, 10 µl were
dropped on an agarose coated microscope slide and were
observed with 1000-fold magnification using the Leica HCX PL
FLUATAR (100x/1,30 PH3) with immersion oil. The fluorescence
of Nile red was induced with light of 558 nm wavelength (Cy3
channel). For electron microscopy pictures, Synechocystis cells
were stained using glutaraldehyde and potassium permanganate.
Subsequently, ultrathin sections were stained with citrate and
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uranyl acetate, as described before (Fiedler et al., 1998). The
samples were then examined, using a Philips Tecnai 10 electron
microscope at 80 kHz.

PHB Quantification
Polyhydroxybutyrate was quantified by high-performance liquid
chromatography (HPLC) of crotonic acid. For this, a volume
of 11 ml chlorotic culture (or ∼25 ml of vegetative culture)
was centrifuged at 4,000 × g for 10 min at room temperature.
The supernatant was discarded, and the pellet transferred
into a pre-balanced 2 ml reaction tube. Subsequently the
pellet was dried with a vacuum dryer. The reaction tube
was cradled again and the cell dry weight (CDW) of the
culture was calculated. The cells were boiled for 1 h in
concentrated H2SO4 (18 M). During this treatment, the cells
were lysed and PHB converted to crotonic acid. Next, 110 µl
of this solution was diluted 1:10 with 14 mM sulfuric acid
solution and centrifuged 5 min at 25,000 × g. Subsequently,
500 µl of the clear supernatant was mixed with 500 µl
14 mM H2SO4, pelleted again and 300 µl of the supernatant
was used for analytical HPLC. For this, a HP1090 M
chromatography system was used, equipped with a thermostated
autosampler und diode-array-detector, HP Kayak XM 600
workstation. The crotonic acid was detected by measuring the
absorbance at 210 nm.

Glycogen Quantification
The glycogen content of Synechocystis cultures was detected as
described previously (Grundel et al., 2012) with modifications
described (Klotz et al., 2016). In short, 2 ml of cell culture
were centrifuged for 1 min at 16,000 × g. The supernatant
was discarded, and the pelleted cells were used for the
measurement. Degradation of glycogen was performed with
4,4 U/µl amyloglucosidase from Aspergillus (Sigma Aldrich) for
2 h at 60◦C. The concentration of resulting glucose units was
measured with an o-toluidine assay at a wavelength at 635 nm.
The glycogen concentration was determined by comparison with
a glucose standard calibration curve.

Spectra and Pigment Determination
The absorption spectra between 350 and 750 nm of Synechocystis
strains were detected with a Specord50 and the software
WinAspect (Jena Analytik). The content of chlorophyll a (Chl a)
in cells was detected with a methanol extraction method. For
this, 1.5 ml of an exponential culture was transferred into a
1.5 ml reaction tube and centrifuged at 10,000 × g for 10 min.
The supernatant was discarded, and the pellet was resuspended
in 90% Methanol. The suspension was mixed and subsequently
incubated for 30 min in the dark. The suspension was centrifuged
again and the supernatant was transferred into a 1.5 ml reaction
tube. Another 500 µl 90% methanol were added to the cell pellet
and treated as described above. Both supernatants were combined
and transferred into a cuvette. The absorbance was measured at
wavelengths of 665 and 650 nm, and the Chl a concentration
was calculated according to the equation previously described
(Richmond and Hu, 2013).

Pulse-Amplitude-Modulation
Fluorometry
The pulse-amplitude-modulation fluorometry (PAM) was used
to detect the photosynthetic activity by measuring the relative
quantum yield of photosystem (PS) II of the photosynthetic
apparatus. For this, the WATER-PAM Chlorophyll Fluorometer
with WinControl Software of Heinz Walz GmbH (Effeltrich)
was used. In the measuring cuvette, cell suspensions between
OD750 = 0.4 – 1 were diluted 1:20. The cuvette was placed in the
measuring device and the yield was measured three times with a
time constant of 30 s.

Overexpression and Purification of
Slr0058
Escherichia coli Lemo21 (DE3) (NEB) containing the plasmid
pET15b-slr0058-His was grown overnight at 37◦C in 5 ml
LB-medium containing 50 µg/ml ampicillin and 30 µg/ml
chloramphenicol. The Cells were transferred into 1 l of fresh
LB-medium, containing the same antibiotics and growth was
continued at 37◦C to an OD600 of 0.6. Slr0058 overexpression
was induced by the addition of 0.5 mM IPTG to the culture,
which was subsequently grown overnight at 20◦C. Cells were
harvested by centrifugation at 6500 rpm for 10 min at 4◦C. The
resulting pellet was resuspended in buffer containing 300 mM
NaCl, 50 mM NaH2PO4, 10 mM imidazole, 1 mM DTT, 0.2 mM
PMSF, DNase I and was adjusted to pH 8. The cells were lysed
by four cycles of ultrasonication (Branson UltrasonicsTM), with
a sonication time of 3 min per cycle. Remaining cells and cell
debris were removed by centrifugation at 10000 rpm for 60 min at
4◦C and subsequently filtering the resulting supernatant through
a 0.45 µm syringe filter. The supernatant was loaded on a 1 mL
HisTrap FF Ni-NTA column (GE Healthcare), using a flowrate of
1 ml/min. The column was washed with buffer (pH 8) containing
300 mM NaCl, 50 mM NaH2PO4, and 20 mM imidazole followed
by a washing step with an imidazole concentration of 40 mM
to remove unspecifically bound protein. Finally, the His-tagged
protein was eluted by increasing the imidazole concentration
to 250 mM. The eluted protein was transferred to a buffer
containing 100 mM KCl, 50 mM Tris–HCl, pH 7.8, 5 mM MgCl2,
1 mM DTT, 0.5 mM EDTA and 50% (v/v) glycerol via dialysis
overnight at 4◦C and then stored at−20◦C. The eluted protein, as
well as samples from each purification step were analyzed by SDS-
PAGE.

Size Exclusion Chromatography
To investigate the size and oligomerization states of Slr0058, size
exclusion chromatography was performed on a ÄKTAmicro (GE
Healthcare) using a SuperoseTM 6 Increase 10/300 GL column
(GE Healthcare). The column was equilibrated with a buffer
containing 100 mM KCl, 50 mM Tris–HCl, pH 7.8 and 5 mM
MgCl2. The Slr0058 protein was transferred into the same buffer
and a volume of 100 µl with a concentration of 0.313 mg/ml was
used for the size exclusion chromatography. Data were analyzed
with UNICORN 5.20.
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RESULTS

By analyzing the Synechocystis genome for putative homologies of
phasins, we identified an operon of genes of unknown function,
containing members that show similarities to phasins from other
organisms. The transcriptional unit TU2718 consists of four
genes, namely slr0058 – slr0061. Transcriptome analysis revealed
that the entire operon is upregulated during chlorosis (Mitschke
et al., 2011; Klotz et al., 2016). For one of these proteins, a BLAST
analysis revealed that the protein Slr0058 has similarity with the
protein PhaF of Pseudomonas putida. This protein ensures an
equal distribution of the PHB granules among the daughter cells
during cell division by attaching the granules to the chromosome
(Maestro et al., 2013). Unlike PhaF from P. putida Slr0058 showed
no DNA binding domain though (Figure 1).

Another gene in this operon, slr0060, encodes a protein, which
was previously isolated during the purification of PHB granules.
Subsequent bioinformatic analysis showed that Slr0060 was only
found in cyanobacteria known to produce PHB (Schlebusch,
2012). A recent proteome study revealed distinct compartment
organization of the Synechocystis proteins. Here Slr0060 was
found in a distinct group together with other PHB related
proteins, PhaP, PhaE and PhaC, further supporting its relevance
for PHB metabolism (Baers et al., 2019). BLAST search of
Slr0060 predicts a patatin domain, which was also found in

phospholipases/acylesterases. This indicates that Slr0060 might
serve as an intracellular PHB depolymerase (1 B).

To characterize the function of slr0058 and slr0060, knock-
out strains were constructed (pMK17 and pMK16, respectively).
For this, the genes were replaced by an antibiotic-cassette
using double homologous recombination. Plasmids containing
DNA fragments, which are flanked by homologous sequences of
slr0058 or slr0060, were transferred into Synechocystis by natural
transformation. To prevent any unintended effects on genes
located downstream of the deleted gene, the native promoter was
introduced downstream of the antibiotic cassettes. The structure
of the plasmids is shown in Supplementary Figure S1.

The construction of pMK16 and pMK17 was performed using
Gibson Assembly. The vector backbone pUC19 was linearized
using the restriction enzymes XbaI and PstI. Successful cloning
was verified by colony PCR and subsequent sequencing. From
now on, Synechocystis mutants transformed with pMK16 are
referred to as 1slr0060 and mutants edited with pMK17 as
1slr0058.

Growth Behavior of 1slr0058 and
1slr0060 Strains
To characterize the created mutant strains 1slr0058 and
1slr0060, their growth in liquid medium under various culturing

FIGURE 1 | In silico analysis of a PHB related gene cluster. (A) Sequence allignment and the predicted structure of PhaF from Pseudomonas putida and Slr0058
from Synechocystis. Both proteins show regular pattern of helix structures at the N-terminus (indicated as green helices). Unlike PhaF, Slr0058 shows no prolonged
C-terminal coil structure though, which is important for the interaction with the DNA in Pseudomonas putida. (B) Schema of the transcriptional unit 2718 in
Synechocystis. The operon contains four genes, slr0058–slr0061. Two of them, namely slr0058 and slr0060, have sequence similarities with either PhaF, or a PHB
depolymerase, respectively.
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FIGURE 2 | Growth behavior of WT, 1slr0058, and 1slr0060 at different cultivation conditions. (A) Cultivation under continuous illumination and with shaking.
(B) Cultivation with 12 h day/night cycle and shaking. (C) Cultivation with 12 h day/night cycle and without shaking. Each point represents a mean of three
independent biological replicates. (D) Growth determination using the drop plate method of 10-fold dilutions at continuous light cultivation. The plate shown in the
figure is representative for three individually grown biological replicates.

conditions and on solid agar plates was compared to a wildtype
strain (WT) (Figure 2).

To characterize the growth in liquid medium, several
combinations of illumination and shaking were tested. Besides
standard laboratory conditions, where the cells were shaken
under continuous illumination, they were also grown under
naturally occurring day-night rhythm. Here they were either
shaken or grown under standing conditions resulting in reduced
aeration (Figures 2A–C, respectively). Cell growth was observed
by measuring OD750 every 24 h of three independent biological
replicates. Under all conditions, the strains WT and 1slr0060
showed similar growth. In contrast, the strain 1slr0058 showed a
slight growth deficiency under all tested conditions. The strongest
effect was visible during day-night rhythm with standing cultures
(Figure 2C). The growth deficiency was even more clearly visible
during growth on solid agar plates (Figure 2D).

Besides the different growth characteristics, the strains showed
also a difference in their pigmentation. While only little
differences were visible between the color of WT and 1slr0060
strains, the 1slr0058 culture appeared more bluish (Figure 3A).

Spectral analysis revealed that a slightly reduced absorption
at ∼430 nm for the strain 1slr0058, indicating a lower
abundancy of Chl a content (Figure 3B). This correlates
well with the measured chlorophyll content, which was
reduced in the strain 1slr0058 compared to the WT (2.33
to 2.83 µg/108 cells, respectively). While the strain 1slr0060
showed higher values of chlorophyll content (3.53 µg/108

cells), no strong difference was visible in the appearance of
the culture. During vegetative growth, the amount of PHB
produced in the WT and 1slr0060 were below the detection
limit (Figure 3C). In contrast, the mutant strain 1slr0058
produced detectable amounts of PHB during exponential and
stationary growth (∼2 and ∼1%/CDW, respectively) under
diurnal light/dark regime. Despite the presence of considerable
amounts of PHB, no fluorescent granules could be observed
by microscopy after staining the cells with BODIPY. This
indicates that PHB produced during vegetative growth is
not aggregated into stainable PHB granules. When grown
under continuous light, there was no PHB detected in
any of the strains.
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FIGURE 3 | Phenotypical analysis of WT, 1slr0058, and 1slr0060 during vegetative growth. (A) Picture of representative WT, 1slr0058 and 1slr0060 cultures, at
OD750 = 0.8. (B) Spectra and chlorophyll a concentrations of the same cultures as in panel (A). (C) PHB produced during vegetative growth. Samples were taken
during exponential or stationary growth phases (OD750 ∼1 or ∼4, respectively). The values measured for the WT and 1slr0060 were below to the detection limit.
n.d. = not detectable.

Mutant Phenotype During Chlorosis
To determine the effect of the absence of Slr0058 and Slr0060
during conditions where PHB is formed, chlorosis was induced
by shifting the cultures to nitrogen-depleted medium. As
previously reported from our laboratory, PHB is mainly formed
from glycogen. Hence, PHB and glycogen were measured during
the course of 28 days (Figures 4A,B).

In all three strains the intracellular PHB increased over time.
As compared to the WT, both mutant strains showed reduced
amounts of PHB during the course of the experiment. Like in
previous studies, the cells rapidly accumulated glycogen during
the initial phase of the chlorosis, to a maximum level which
then slowly declined. Although the overall pattern was similar.
the two mutant strains showed slightly elevated glycogen values
compared to the WT. The OD750 of the WT and 1slr0060
were comparable and remained constant during the course
of chlorosis. In contrast, the OD750 of 1slr0058 constantly
decreased during the 4 weeks of the experiment (Supplementary
Figure S2A). This decrease indicates a decrease in cell number,
suggesting that the 1slr0058 mutant is impaired in maintaining
long-term viability.

To estimate size and number of PHB granules, cells in
chlorosis for 21 days were stained with Nile red and analyzed
using fluorescence microscopy (Figures 4C,D).

The strain 1slr0058 showed a strong increase in the amount
of PHB granules compared to the WT and the 1slr0060 strain
(Figure 4C). To quantify this, the visible granules from 70 cells in
three biological replicates were counted and plotted in a box blot
(Figure 4D). The granule number was determined within 28 days
of nitrogen depletion. The analysis confirmed the visible effect of
the microscopic pictures of an altered granule number within the
strains. The WT and 1slr0060 showed very similar amounts of
PHB granules. Compared to this, 1slr0058 showed a more than

2-fold increase in the number of granules. This observation was
also confirmed by electron microscopic pictures (Figures 4E–G).

As already indicated by fluorescence microscopy (Figure 4C),
the 1slr0058 mutant cells (Figure 4F) contained a strongly
increased number of PHB granules compared to the WT and
1slr0060 cells (Figures 4E,G, respectively).

Similar than during exponential growth, the cultures showed
a difference in their pigmentation (Figure 5A). Compared to the
WT, the culture was less pigmented, indicating a reduction in the
carotenoid content. This assumption was confirmed by a spectral
analysis of the cultures, where a lower absorption between 450
and 550 nm is visible (Figure 5B).

To check if the phenotypes observed for the 1slr0058 strain,
in particular the growth impairment and altered pigmentation
are related to the synthesis of PHB, a mutant lacking the PHB
synthase was created by deleting the phaEC operon (1phaEC
strain). To validate how the absence of PHB synthesis affects the
phenotype of the 1slr0058 strain, both deletions were combined
in one strain (1slr0058 and 1phaEC). As shown in Figure 5, the
deletion of phaEC complemented the phenotype of the 1slr0058
strain by restoring the original color (Figures 5A,B). The double
mutant 1slr00581phaEC showed also no difference in its growth
behavior compared to the WT (Figure 5C). This suggests that the
phenotype of the 1slr0058 strain is caused by the formation of
PHB in the absence of Slr0058 protein.

Resuscitation From Nitrogen Chlorosis
A putative PHB depolymerase is expected to be most active
during conditions of PHB degradation. Since such conditions
should prevail during resuscitation from nitrogen chlorosis,
recovery experiments of long-term nitrogen-starved cells were
performed. A mutant lacking PHB depolymerase should be
unable to degrade PHB during the recovery from chlorosis.
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FIGURE 4 | Phenotypical analysis of WT, 1slr0058, and 1slr0060 during chlorosis. (A) Accumulation of PHB per cell dry weight (CDW) during 21 days of chlorosis.
(B) Accumulation of glycogen normalized to OD750 during 21 days of chlorosis. Each point represents a mean of three independent biological replicates. (C) 3-D
deconvoluted microscopic images of 21-day nitrogen depleted cultures of all three strains. The cells were stained with Nile red to visualize PHB granules. From left to
right: image of the phase contrast channel; image of the Cy3 channel with Nile-red stained PHB granules; overlay of both channels. (D) Box plot of the granule
number at different time points of chlorosis. Each time point represents the count of 70 cells in three independent cultures. The line within the boxes represents the
median. (E–G) Electron microscopic pictures of WT (E), 1slr0058 (F), and 1slr0060 (G) cells after 17 days of nitrogen starvation. PHB granules are visible as white
inclusions inside the cell.

Furthermore, such experiments could reveal differences between
different strains in their efficiency to recover from nitrogen
starvation. The experiments were performed with 14-day

chlorotic cultures. The levels of PHB were determined every 24 h
for four consecutive days and a final measurement after 1 week.
The amount of PHB was normalized against the cell-dry-weight
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FIGURE 5 | Photograph (A) and spectra (B) of WT, 1slr0058 and 1slr0060 cultures during chlorosis compared with a PHB free mutants (1phaEC). The spectra of
the different strains were normalized to OD750 = 1. (C) Growth behavior of WT and 1slr00581phaEC with 12 h day/night cycle and without shaking.

(CDW) as well as against the culture volume (to consider the
increase of CDW due to cell growth). Before and after each
sampling, the cultures were weighted, and the evaporated volume
was restored with sterile ultrapure water. The results of PHB
during recovery are shown in Figure 6.

When normalized to the CDW, the amount of PHB per
CDW in all three strains decreased steadily during the course
of 5 days, as already shown previously (Figure 6A). In contrast,
when the absolute quantity of PHB per culture volume was
determined, a surprising different pattern appeared. The total
amount of PHB remained constant in all three strains during
the entire resuscitation process (Figure 6B). Since PHB is
usually normalized to the CDW, this observation has not been
made before. While the overall amount of PHB remained
constant, the abundance of granules declined in all three strains
(X̄WT,0d = 2.8± 1.6, X̄WT,3d = 1.7± 1.4; X̄1slr0058,0d = 5.5± 2.0,
X̄1slr0058,3d = 2.4 ± 2.7; X̄1slr0060,0d = 3.7 ± 1.7,
X̄1slr0060,3d = 1.4± 1.1) (Figure 6C).

To test whether the mutants were affected in their
pigmentation during the recovery from nitrogen starvation,
spectra measurements were performed. Additionally, the same
cultures were used to test their viability after chlorosis via a
drop-plate assay, shown in Figure 7.

The whole cell spectrum of WT cells at the beginning
of the resuscitation shows the typical wavelength-dependent
light scattering of low-pigmented cells (Figure 7A). After
2 days of recovery, distinctive absorption peaks for Chl a and
phycobiliproteins appear at 430, 625, and 680 nm. The same
appearance of absorption peaks was observed in the mutant
strains 1slr0058 and 1slr0060 (Figures 7B,C). However both
strains showed a visible delay. Particularly 1slr0060 required
2 days more to reach the same absorption in the range from 350
to 400 nm as the WT.

The recovery assays via the drop-plate method performed
under continuous light or day-night rhythm (Figures 7D,E,
respectively) revealed an impairment of the 1slr0058 strain.

This impairment of growth for 1slr0058 was also visible when
chlorotic cells resuscitated in liquid culture (Supplementary
Figure S2B). However, the impairment of growth is in the
same order of magnitude as during normal growth, indicating
that this effect can be explained by a growth delay and not a
deficiency during the recovery process. During the resuscitation,
no difference in the recovery rate of the photosynthetic activity
was visible (Supplementary Figure S3).

Complementation of 1slr0058 and
Intracellular Localization of Slr0058
The results of the 1slr0058 characterization showed that the
1slr0058 phenotypes are connected to the formation of PHB.
To validate that the phenotype can be traced back to the deleted
gene, a complementation strain of the gene slr0058 was created
(slr0058-pMK23). The latter is expected to restore the WT-
phenotype. Additionally, the expression of a green fluorescence
protein (GFP) tagged to Slr0058 (pMK25) should reveal its
localization via fluorescence microscopy. The design of both
constructs is shown in Supplementary Figure S4.

The assembly of the plasmids was done via Gibson
Assembly. After transformation into Synechocystis cells, positive
clones were screened via colony PCR. To ensure a successful
complementation, the PHB granules were counted after one and
2 weeks in the WT, the slr0058 and the complemented slr0058-
pMK23 strain (Figure 8).

As expected, the insertion of pMK23 into the background of
1slr0058 restored the WT-phenotype, with respect to the average
PHB granule number per cell. The WT and the 1slr0058pMK23
complemented strain contained around three granules per cell
on average (X̄WT,7d = 3.2 ± 0.1, X̄WT,14d = 3.1 ± 0.1;
X̄1slr0058pMK23,7d = 3.4 ± 0.1, X̄1slr0058pMK23,14d = 3.2 ± 0.1).
Compared to this, the average amount of granules in the
strain 1slr0058 were almost 2-fold higher compared to the
WT and the complemented strain (X̄1slr0058,7d = 5.5 ± 0.2,
X̄1slr0058,14d = 5.7 ± 0.2). The results show that the effect
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FIGURE 6 | PHB amount and granule number in WT, 1slr0058 and 1slr0060 during resuscitation from 14-day chlorosis. (A) PHB amount normalized to the cell dry
weight and (B) absolute amounts per volume. Each point represents a mean of three independent samples. CDW = cell-dry-weight. (C) Box plot of the granule
number within the first 3 days of resuscitation. Each time point represents the count of >100 cells in three independent cultures. The line within the boxes represents
the median.

FIGURE 7 | Pigment synthesis during resuscitation and viability after 14 days of chlorosis. Whole cell spectra from 350 to 750 nm of WT (A), 1slr0058 (B) and
1slr0060 (C) after 0–4 days of resuscitation from nitrogen starvation. Each line represents the mean of the spectra from three independent biological triplicates. The
spectra were normalized to their corresponding value at 750 nm. (D) Viability assays via drop-plate method as visible after 7 days of incubation under continuous
illumination (E) and day-night illumination after 14 days of chlorosis. The images show a representative assay of triplicates.
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FIGURE 8 | Box plot of the granule number at different time points of chlorosis
of WT, 1slr0058 and complemented 1slr0058pMK23. Each time point
represents the result of a count of 150 cells in three independent cultures.

of the elevated number of PHB granules is caused by the
absence of Slr0058.

To reveal the subcellular localization of Slr0058, an eGFP-
tagged Slr0058 variant (pMK25) was inserted into the 1slr0058
background. The localization of Slr0058 was observed under
different growth conditions using fluorescence microscopy with a
GFP channel for the eGFP excitation. WT and pMK25 cells were
observed during vegetative growth and after a shift to nitrogen
depletion. Microscopic pictures of these conditions are shown in
Figure 9.

During vegetative growth, a low fluorescence signal in the
GFP channel was visible in the WT cells, which could be
caused by bleed-through effects of autofluorescence of Chl a.
In comparison, a much higher fluorescence signal was detected
in the strain pMK25, often in specific foci. These spots of
strong fluorescence indicate focal aggregation of Slr0058 in the
cytoplasm. After the induction of chlorosis, these spots started to
disappear. No colocalization of the GFP-Slr0058 foci with Nile
red stained PHB granules could be seen (white arrows, Figure 9).
During the course of chlorosis, the GFP aggregates further
disappeared. In agreement with the in vivo formation of foci,
recombinant purified His-tagged Sll0058 protein, analyzed by
size-exclusion chromatography, displayed different aggregation
states (Supplementary Figure S5).

DISCUSSION

Characterization of slr0060 and Its Role
for PHB Degradation
The gene product of slr0060 was recently located in the same
subcellular region as other PHB-related proteins, indicating a

relevance of Slr0060 for the PHB metabolism (Baers et al.,
2019). Furthermore, its sequence-homology to esterases suggests
a role as a putative intracellular PHB depolymerase. However,
a knock-out strain showed only minor difference to the WT in
its growth during vegetative growth, chlorosis or resuscitation
(Figure 2 and Supplementary Figure S2). The biggest difference
compared to the WT was an increased chlorophyll content
(Figure 3), as well as a reduced amount of produced PHB
(Figure 4A). Furthermore, a slightly different whole cell light
scattering was detected during resuscitation from chlorosis.
However, the deletion of a putative PHB depolymerase is
expected to cause enhanced levels of PHB or larger granules
than the WT, particularly during the recovery process, which
was not the case (Figure 6). Hence, the true function of slr0060
remains unknown. One explanation for the missing phenotype
could be a second, so far undiscovered PHB depolymerase
homolog, which compensates the loss of Slr0060. Synechocystis
is known for possessing two homologs sets of enzymes for central
reactions in carbohydrate metabolism, such as paralog pairs of
GlgA1/2, GlgP1/2, or GlgX1/2 (Doello et al., 2018; Koch et al.,
2019). Accordingly, this could also be the case for another, yet
undiscovered PHB depolymerase.

Interestingly, our analysis revealed that the total amount
of PHB polymers is not diminished during resuscitation. This
phenomenon was not detected before, since earlier studies
normalized the amount of PHB to the CDW (as shown in
Figure 6A; Klotz et al., 2016). However, this normalization is
biased by the fact that during resuscitation, the CDW increases
strongly. This raises the hypothesis that the disappearance of
PHB granules, that is observed during recovery from nitrogen
chlorosis, is primarily not the result of PHB depolymerization,
but rather results from disaggregation and distribution of PHB
fragments among dividing daughter cells (Figure 6C). The
lack of complete PHB consumption provides a new perspective
on the physiological function of PHB. One hypothesis is
that PHB may serve as an intracellular pool of reduction
equivalents. Accordingly, the degradation of PHB would only
be necessary under conditions of insufficient generation of
reduction equivalents. However, growth at laboratory conditions
usually provides a surplus of reduction equivalents, making the
degradation of PHB potentially less relevant. Further studies are
necessary to reveal the physiological function of PHB and the role
of a putative depolymerase.

Absence of Slr0058 Causes Growth
Deficiency and More PHB Granules
Bioinformatic analysis predicts structural similarities between
Slr0058 and the regulator PhaF, suggesting its involvement in the
PHB metabolism (Figure 1A). Like other phasins, it is expected
to be located at the granule surface and thereby influence the
formation or degradation of PHB.

A knock-out mutant 1slr0058 shows impaired growth
compared to the WT during various conditions of vegetative
growth (Figure 2), as well as during chlorosis (Supplementary
Figure S2A). This phenotype is merely caused by the absence
of Slr0058, since a complementation restores the WT phenotype
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FIGURE 9 | 3-D deconvoluted microscopic images of WT and GFP-tagged-Slr0058 in the background of 1slr0058 (1slr0058pMK25) during vegetative growth and
after 1 and 7 days of nitrogen starvation. PHB granules were stained with Nile red. White arrows indicate foci of aggregated GFP signal. The last row shows a zoom
to individual, representative 1slr0058pMK25 cells, in the GFP channel.

(Figure 8). This impaired growth is accompanied with a change
in the absorption spectrum to a more bluish or yellowish color
during vegetative growth or chlorosis, respectively (Figures 3, 5).
This effect can clearly be linked to the synthesis of PHB,
since a PHB synthase lacking double mutant 1slr0058-1PhaEC
is rescued from the phenotypes and behaves like the WT
(Figure 5). Although chemical analytics clearly detected PHB in
vegetatively growing 1slr0058 cell, no visible PHB granules could
be detected. However, under appropriate conditions resulting
in 2% PHB/CDW of the WT a substantial portion of the cells
would contain visible granules. Since this is not the case here,
PHB might be present in a non-aggregated or mis-aggregated
form, which is not stained by Nile red and therefore not visible
by fluorescence microscopy. The not correctly aggregated form
of PHB is putatively harmful for the cells, resulting in the

observed growth disadvantage of strain 1slr0058, which can
be rescued by preventing PHB synthesis. The synthesis of a
higher residual amount of PHB in vegetatively growing 1slr0058
cells further implies that this protein is involved in the control
of PHB synthesis.

One of the most striking features of the 1slr0058 strain is
the greatly increased number of PHB granules during chlorosis
(Figures 4C,D). This hints toward an involvement of Slr0058
in the regulation of PHB granule formation. Surprisingly, in
chlorotic cells, Slr0058 seems not to be located directly at the
surface of the granules (Figure 9). Instead, it aggregates in foci
during vegetative growth, which slowly disappear during the
course of chlorosis. The formation of GFP-Slr0058 aggregates
corresponds to in vitro properties of purified Slr0058 protein,
where the protein was mostly present in the form of dimers
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and trimers (Supplementary Figure S5). Possibly, the Slr0058
structures are involved in the initiation of PHB granule
formation. In their absence, PHB is not properly aggregated and
upon initiation of excess PHB synthesis, for example during
nitrogen depletion, PHB starts to aggregate in an uncontrolled
manner in numerous granules.

Polyhydroxybutyrate granules are hydrophobic structures.
The surface-volume ratio of the PHB granules, and thereby the
surface exposed to the cytoplasm, increases with decreasing
granule size. This could lead to unintended interactions
with intracellular structures, like the thylakoid membranes,
resulting in a growth delay as well as a change in the
pigmentation composition (Figure 3A). This requires a strict
control of the surface-volume ratio. We have previously
characterized the first cyanobacterial phasin, PhaP, which is
essential for controlling the surface-volume ratio of PHB
granules (Hauf et al., 2015). There, we have demonstrated
that a lack of the phasin PhaP led to a lower average number
of PHB granules per cell. Apparently, in the absence of
PhaP, the cells reduce the PHB surface to volume ratio
by producing less, but bigger granules. As it is known
from other bacteria, PHB granules are complex and highly
regulated organelles, and hence sometimes referred to as
carbonosomes (Jendrossek, 2009). In other organisms, like
for example Cupriavidus necator, many different proteins
are involved in the exact formation and regulation of
these organelles. It seems likely that also cyanobacteria
have a strict regulation of PHB granules, where Slr0058
could play an important role for the initiation and size
of such granules.

Although the physiological importance of PHB remains
unclear (Damrow et al., 2016), the findings of this
study increase our knowledge about PHB synthesis in
cyanobacteria. A better understanding of the complex
process of PHB granule formation is a step forward toward
a sustainable production of biodegradable plastics from
phototrophic organisms.
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Abstract: The cyanobacterium Synechocystis sp. PCC 6803 is known for producing 

polyhydroxybutyrate (PHB) under unbalanced nutrient conditions. Although many cyanobacteria 

produce PHB, its physiological relevance remains unknown, since previous studies concluded that 

PHB is redundant. In this work, we try to better understand the physiological conditions that are 

important for PHB synthesis. The accumulation of intracellular PHB was higher when the 

cyanobacterial cells were grown under an alternating day–night rhythm as compared to 

continuous light. In contrast to previous reports, a reduction of PHB was observed when the cells 

were grown under conditions of limited gas exchange. Since previous data showed that PHB is not 

required for the resuscitation from nitrogen starvation, a series of different abiotic stresses were 

applied to test if PHB is beneficial for its fitness. However, under none of the tested conditions did 

cells containing PHB show a fitness advantage compared to a PHB-free-mutant (ΔphaEC). 

Additionally, the distribution of PHB in single cells of a population Synechocystis cells was analyzed 

via fluorescence-activated cell sorting (FACS). The results showed a considerable degree of 

phenotypic heterogeneity at the single cell level concerning the content of PHB, which was 

consistent over several generations. These results improve our understanding about how and why 

Synechocystis synthesizes PHB and gives suggestions how to further increase its production for a 

biotechnological process. 

Keywords: cyanobacteria; bioplastic; PHB; sustainable; resuscitation; chlorosis; bacterial survival; 

Synechocystis; biopolymers 

 

1. Introduction 

Cyanobacteria have colonized our planet for more than two billion years and are widespread 

within the light-exposed biosphere [1]. Their ability to conduct oxygenic photosynthesis enables 

them to survive under extreme environmental conditions, even in the absence of organic carbon 

sources. In adaption to these diverse environments, many cyanobacteria have evolved the ability to 

produce a variety of biopolymers [2]. Most of the mentioned polymers serve to store 

macro-nutrients, like carbon (in the form of glycogen), phosphate (polyphosphate), or nitrogen 

(cyanophycin). Although it has been known since 1966 that cyanobacteria also possess 

polyhydroxybutyrate (PHB), its function remains puzzling [3–5]. 

Around 30 years later, Hein et al. found that the required biosynthetic genes for the PHB 

synthesis are also present in the model organism Synechocystis sp. PCC 6803 (hereafter 
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“Synechocystis” or “WT” for wild-type) [6]. Soon after, it has been shown that this strain is indeed 

capable of producing PHB under nutrient limited conditions [7]. It has been hypothesized that the 

polymer serves as an additional carbon and energy storage, similarly to glycogen, which could help 

to survive environmental stress conditions. However, until today, the true physiological function 

remains unknown [5]. 

In other organisms, PHB can fulfill manifold functions. The polymer often accumulates under 

nutrient limitation or unbalanced conditions (e.g., an excess of carbon) [8]. In certain organisms like 

Ralstonia eutropha, it is also accumulated during normal growth phase [9]. In the strain Azospirillum 

brasilense, for example, heat, UV irradiation, desiccation, osmotic shock, and osmotic pressure affect 

the growth of a PHB deficient strain [10]. In the strain Herbaspirillum seropedicae, PHB is able to 

reduce redoxstress. Hence, PHB could serve as an electron sink to eliminate a surplus of reducing 

equivalents [11]. A similar behavior has been shown in the anoxygenic phototrophic bacterium 

Chromatium vinosum: it converts glycogen to PHB (under anerobic, dark metabolism) [12]. Thereby, 

the strain does not lose carbon, compared to other bacteria, which secrete their fermentation 

products. In agreement, it has been shown that excess NADPH sustains PHB accumulation [13]. 

A better understanding about the production of PHB in cyanobacteria would be beneficial for 

the biotechnological production of the biopolymer. PHB from cyanobacteria is suggested as a 

sustainable source for biodegradable plastics [14]. However, the current production rates are rather 

low, making it difficult to commercially compete with the PHB production in heterotrophic 

organisms [15]. So far, most attempts to increase the PHB yield focused on either medium 

optimization or metabolic engineering approaches. At the same time, fundamental questions about 

the PHB metabolism and PHB-forming conditions have been neglected. For instance, it has just 

recently been discovered that PHB is mostly formed from intracellular glycogen [16,17]. This work 

therefore aims to better understand the conditions, under which PHB is produced in Synechocystis, as 

well as gaining further insights in the physiological function of PHB within the cyanobacterial 

metabolism. 

This knowledge will be helpful for both basic and applied research, since Synechocystis is 

considered a promising host for the industrial production of bioplastic from PHB [18]. 

2. Materials and Methods 

2.1. Cyanobacterial Cultivation Conditions 

Synechocystis sp. PCC 6803 cells were grown in standard BG11 medium as described before [19]. 

Additionally, 5 mM NaHCO3 were added. All used strains are listed in Table A1. To ensure the 

preservation of the genetic modifications, appropriate antibiotics were added to the different mutant 

strains. All cells were pre-adapted to their growth conditions by growing a pre-culture for 3 days at 

the same condition. For normal growth, cells were grown under constant illumination of ~50 µE m−2 

s−1 and at 28 °C. Aeration was provided by continuous shaking at 120 rpm. Either 50 or 200 mL 

bacterial culture were grown in baffle free Erlenmayer flasks. Whenever nitrogen starvation was 

required, cells were shifted to nitrogen depleted medium as previously described [20]. In short, 200 

mL exponentially growing cells at an OD750 of ~0.8 were centrifuged at 4000 g for 10 min. The pellet 

was resuspended in 100 mL BG0 (BG11 without any sodium-nitrate) and centrifuged again. The 

pellet was then resuspended in BG0 once more and the OD750 was adjusted to 0.4. For resuscitation 

experiments, a chlorotic culture was spun down and resuspended in BG11 medium. 

2.2. Physical Stress Conditions 

To test whether the formation of PHB is advantageous under conditions of physical stress, 

chlorotic WT and ΔphaEC cells, which were starved from nitrogen for ~2 weeks, were used. The cells 

were treated with the conditions described in category 1 of Table 1 and subsequently recovered on 

BG11 plates. Afterwards, a serial dilution of cell suspension, from OD750 ~1 (= 100) until 10-4, was 

prepared. From each dilution, 5 µL were dropped on an BG11 agar plates containing 1.5 % agar and 

incubated for 1–2 weeks under continuous light, until visible colonies formed. Alternatively, 
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chlorotic cells were recovered on BG11 plates with additional ingredients (category 2 of Table 1) 

which can cause stress, e.g., high salt concentrations. The number of formed colonies was compared 

between the WT and ΔphaEC cells. 

Table 1. List of abiotic stresses applied to WT and ΔphaEC cells, which were starved for two weeks of 

combined nitrogen sources. A detailed description is listed under “Treatment”. For the first category 

of experiments, cells either treated for a specific time with the conditions listed under (1). After the 

treatment, cells were grown on BG11 agar plates according to the drop plate method as depicted in 

Figure 4. Alternatively, chlorotic cells were transferred to BG11 plates containing the ingredients 

listed under category (2) to apply the abiotic stress during the recovery process. Observed differences 

are listed under “Effect”. When “no difference” was observed, both strains (WT and ΔphaEC) 

showed similar amounts of colonies. “All cells were dead” indicates experiments, where no colonies 

appeared. All treatments were tested in three different biological replicates. 

Abiotic Stress Treatment  Effect 

(1) 

Cold 
4 °C over night 

1 h at −20°C; 14 h at −20 °C 

No difference 

 

Heat 
45 min at 40 °C;  

45 min at 40°C and 20 min at 50°C 

No difference 

All cells were dead 

Physical Force 

Centrifugation for 30 min at 20,000 g; 1 h at 25,000 

g 

3 × 5 min at 4 m/s glass-bead milling in Ribolyser;  

3 × 5 min at 7 m/s Ribolyser 

No difference 

 

No difference 

 

All cells were dead 

Darkness 1 day; 2 days, 5 days; 8 days; 10 days; 15 days No difference 

Low Light 14 days at 5 µE No difference 

Alternating Light 12/12 light/dark No difference 

Drought 30 min at 30 °C SpeedVac All cells were dead 

Nitrogen 

Starvation 

3 weeks 

10 weeks  

No difference  

∆phaEC showed weak growth 

advantage  

High Light 1 day incubation at 500 µE No difference 

(2) 

Buffered Medium 
BG11 agar plates containing 300 µL, 1 mL, 3 mL 

TES buffer  
No difference  

Salt 

Recovery at BG11 agar plates with: 

- 100, 150, 300 mM NaCl  

- 2 × BG11 salts  

 

No difference 

No difference 

Carbon 

Availability  

0, 10, 50, 150 mM bicarbonate (added to BG11 agar 

plates) 
No difference 

2.3. Oxygen Measurements 

To measure oxygen levels in a liquid culture, an oxygen detecting sensor was placed at the 

bottom of a standing culture. The readout was performed using an OXY-1 SMA device (PreSens, 

Regensburg, Germany). At the beginning of the measurements, Synechocystis cells were shifted to 

nitrogen free BG0 medium and the oxygen levels were monitored for three constitutive days. The 

equilibrium of dissolved oxygen within the cultures was measured at 360 µM/L. 

2.4. Microscopy and Staining Procedures 

To visualize cell morphology and PHB granules within the cells, 100 µL of cyanobacterial 

culture were centrifuged. The resulting pellet was resuspended in a mixture of 10 µL Nile red and 20 

µL water. From the resuspended mixture, 10 µL were used and dropped on an agarose-coated 

microscopy slide. A Leica DM5500B microscope (Leica, Wetzlar, Germany) with a 100 × /1.3 oil 

objective was used for fluorescence microscopy. For the detection of Nile red stained PHB granules, 
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a suppression filter BP 610/75 was used, together with an excitation filter BP 535/50. The pictures 

were taken by a Leica DFC360FX. 

2.5. Electron Microscopy 

For detailed pictures of the intracellular PHB granules, electron microscopy was used. For this, 

glutaraldehyde and potassium permanganate were used to fix and postfix Synechocystis cells. Citrate 

and uranyl acetate were used to stain ultrathin sections, as described before [21]. Finally, a Philips 

Tecnai 10 electron microscope (Philips, Amsterdam, Netherlands) was used to examine the samples 

at 80 kHz. 

2.6. Spectral Analysis 

To measure the whole-cell absorption spectrum, a Specord 50 with the software WinAspect 

(Analytik Jena, Jena, Germany) was used. The absorption was measured between 350 and 750 nm. 

The spectra were normalized to the OD750. To determine the recovery of the photopigments, the 

change in absorption between the induction of the recovery (t0) and after three days (t72) was 

determined (normalized to OD750). For this, the specific wavelengths for phycobilisomes and 

chlorophyll (absorption at 630 nm and 680, respectively) were compared. 

2.7. PAM 

To detect the photosynthetic activity, pulse–amplitude–modulation fluorometry (PAM) was 

used. This measures the relative quantum yield of the photosystem II, Y(II). A Heinz Walz GmbH 

(Effeltrich, Germany) WATER-PAM Chlorophyll Fluorometer with WinControl Software was used. 

For the measurements, a cell suspension with an OD750 between 0.4 and 1 was used and diluted 

20-fold. After 5 min incubation in the dark, the maximum PSII quantum yield (Fν/Fm) was 

determined applying the saturation pulse method [22]. For each time point, three measurements 

with a time constant of 30 s were taken. 

2.8. PHB Quantification 

To determine the intracellular PHB content, ~15 mL of cells were centrifuged at 4000 g for 10 

min. The pellet was dried for at least 2 h at 60 °C in a speed vac until all pellets were dry. Next, 1 mL 

of concentrated sulfuric acid (18 M H2SO4) were added and the mixture was boiled for 1 h at 100 °C. 

This process releases PHB from the cells and converts it to crotonic acid. From this, 100 µL were 

taken and diluted with 900 µL of 14 mM H2SO4. The sample was centrifuged for 5 min at 20,000 g. 

From the supernatant, 500 µL were transferred into a new tube and combined with 500 µL H2SO4. 

The samples were centrifuged once more for 5 min at max speed and 400 µL of the resulting 

supernatant was used for further HPLC analysis. For this, a Nucleosil 100 C 18 column was used 

(125 by 3 mm). For a liquid phase, 20 mM phosphate buffer with pH 2.5 was used. Crotonic acid was 

detected at 250 nm. As a standard, commercially available crotonic acid was used, with a conversion 

rate to PHB of 0.893. 

2.9. FACS and Flow Cytometry 

Synechocystis cells that were starved from nitrogen for ~2 weeks before FACS experiments. Cells 

were sorted with a MoFlo XDP (Beckman Coulter, Munich, Germany) into 500 µL PBS buffer using a 

70 uM CytoNozzle at 30 p.s.i. and PBS [pH 7.0] as sheath. Before FACS or analysis, 1 µL of BODIPY 

(5 mg/mL) was added to 500 µL of cells and incubated for 10 min. Cells were identified based on 

their scatter (SSC-LA vs. FSC-LA), chlorophyll-fluorescence (670/30) captured from a 488 nm (70 

mW) laser. Cells were divided into low and high producers based on their emission profile and at 

534/30 (BODIPY) when compared to unstained and PHB deficient cells. For analysis, the software 

Summit FACS and FCS Express was used. BODIPY staining was also scored using a Cytoflex 

analyzer (Beckmann Coulter, Munich, Germany) equipped with a single 488 nm laser. Principle 

BODIPY emission was captured with a 525/40 bandpass and plotted against scatter to remove 
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clumplets and distinguish BODIPY. PHB content was inferred when compared to unstained and 

PHB deficient cells. For analysis and illustration of the date, the software programs CytoExpert 

(Beckman Coulter, Munich, Germany) and FlowJo (FlowJo LLC, Oregon, USA) were used. 

3. Results 

3.1. The Influence of Environmental Conditions and Central Pathways on PHB Production 

In PHB producing cyanobacteria, PHB synthesis is efficiently induced by depleting the nitrogen 

source from the medium. This is also the case for the model cyanobacterium Synechocystis sp. PCC 

6803 used in this study. To further understand the conditions, under which PHB is produced, cells, 

which were transferred to nitrogen-depleted medium, were grown under different conditions of 

aeration and illumination (Figure 1). 

 

Figure 1. Quantification of polyhydroxybutyrate (PHB) content after 13 days of nitrogen starvation. 

WT cells were grown under different conditions of aeration and illumination. All cells were 

pre-adapted to these conditions three days before the shift to nitrogen starvation. Shake = continuous 

shaking at 120 rpm. Stand = cultures were standing without any shaking. Const = constant 

illumination with ~50 µE. D/N = altering illumination with 12 h of light (50 µE) and 12 h dark. Data 

shown as mean ± SD of three biological experiments; levels not connected by the same letter are 

significantly different (p ≤ 0.05). CDW = cell dry weight. 

It was shown in a previous study that the limitation of gas exchange can boost the PHB 

production [23]. To verify this observation, cells were grown without any shaking to create a 

situation of reduced aeration. Under these standing conditions, the cells produced oxygen and were 

oxygen-oversaturated during the day, whereas they consumed it during the night, resulting in 

transient periods of limited oxygen availability (Figure A2). Furthermore, cyanobacteria are 

naturally adapted to day-night rhythms, while they are commonly grown under continuous light in 

the laboratory. To test whether this affects the PHB production, PHB was quantified from cells 

grown under both light regimes. It turned out that, compared to standard laboratory conditions of 

continuous light and shaking, a limitation in gas exchange always led to a reduced PHB content. In 

contrast, the growth under day-night rhythm resulted, both in standing and shaken cultures, and in 

an increased content of PHB per cell-dry-weight (CDW). Therefore, the maximal PHB production 

was achieved in shaken cultures in a 12 h light/dark regime. 
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To test whether these effects are linked to a specific carbon pathway, knockout mutants of two 

central pathways were used: The mutant Δpfk is unable to metabolize carbon via the the EMP 

(Embden–Meyerhof–Parnas) pathway and the mutant Δzwf cannot use the OPP (oxidative pentose 

phosphate) and ED (Entner–Doudoroff) pathway. Both strains and a WT control were grown under 

the same conditions as in the previous experiment and their PHB content was then compared 

(Figure 2). 

 

Figure 2. Quantification of PHB content after 13 days of nitrogen starvation. Mutant strains lacking 

either the EMP (Δpfk) or the OPP and ED pathway (Δzwf) were compared to the WT strain to test the 

influence of these carbon pathways on the PHB production. The cells were grown under different 

conditions of aeration and illumination. Shake = continuous shaking at 120 rpm. Stand = cultures 

were standing without any shaking. Const = constant illumination with ~50 µE. D/N = altering 

illumination with 12 h of light (50 µE) and 12 h dark. Data shown as mean ± SD of three biological 

experiments; levels not connected by the same letter are significantly different (p ≤ 0.05; only within 

the same genetic background). 

The Δzwf mutant lacks glucose-6P dehydrogenase, which feeds sugar catabolites into the two 

central pathways ED and OPP, which are crucial for vegetative growth. These pathways are 

neglectable for the production of PHB under nitrogen starvation, since the Δzwf mutant showed the 

same production pattern as the WT under all tested conditions (see Figure 2). In contrast, the Δpfk 

mutant, which is unable to use the EMP pathway, showed a strongly impaired PHB production 

under all conditions. Interestingly, growth with a 12 h light/dark regime caused increased PHB 

production in the WT and the Δzwf mutant, whereas it resulted in a severe reduction of PHB in the 

Δpfk strain. 

3.2. Recovery from Nitrogen Starvation 

To test whether the formation of PHB plays a role for the recovery from nitrogen chlorosis 

under specific conditions, WT and a PHB-free mutant (ΔphaEC) were nitrogen-starved for 18 days 

and were transferred to standard BG11 medium to induce resuscitation. Thereafter, parameters, 

which indicate the process of the resuscitation, such as the yield of the photosynthetic activtity (Y(II)) 

and reconstruction of light absorbing pigments, were analyzed over three days (Figure 3). 
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Figure 3. Physiological parameters during the resuscitation after 18 days of nitrogen starvation. Cells 

were grown under alternating day-night rhythm and continuous shaking; (A) PAM measurements 

to determine the maximum PSII quantum yield (Fν/Fm). The measurements were normalized to the 

yield at timepoint 0; (B) and (C): difference in absorption of normalized spectra during resuscitation. 

Spectra, which were normalized to OD750 (Figure A1), were used to calculate the difference between 

the initial absorption values (at wavelength of 630 and 680 nm) at time point 0 (day 0) and the 

various time points during resuscitation. All samples represent three individual biological replicates. 

During the course of resuscitation, the photosynthetic activity of the WT recovered at the same 

pace as the ΔphaEC mutant (Figure 3A). Likewise, there was no difference in the re-appearance of 

photosynthetic pigments, indicated by the absorption at 630 nm and 680 nm (Figure 3B and C, 

respectively). The full spectra between 600 and 750 nm are shown in Figure A1. 

To test if the formation of PHB is beneficial for chlorotic cells under conditions of certain abiotic 

stresses, WT and ΔphaEC cells were nitrogen starved for two weeks to induce PHB production. 

Subsequently, one of the following experimental setups was performed: (1) One specific abiotic 

stress was applied to the chlorotic culture for a specific time, before the culture was plated on BG11 

agar plates and the formation of CFU was determined. (2) Chlorotic cells were plated on BG11 plates, 

which contained additional components causing stress (for example, higher salt concentrations). The 

results are summarized in Table 1. 

Under all tested conditions, no growth advantage was observed for the WT compared to the 

ΔphaEC mutant strain. Some conditions were too harsh for any cells to survive—for example, the 

simulation of heat at 50 °C. To illustrate what a typical result looked like, a representative drop plate 

assay is depicted in Figure 4. In this example, no viability difference between WT and ΔphaEC cells 

was observed after resuscitation from prolonged chlorosis and growth on 100 mM NaCl. In 

summary, there was no condition found where the possession of PHB was advantageous for the WT. 
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Figure 4. Viability assay of Synechocystis WT and ΔphaEC mutant cells using the drop plate method 

after two weeks of nitrogen starvation and subsequent growth in BG11 plates with 100 mM NaCl. 

Several dilution steps were dropped on BG11 agar plates, ranging from OD750 = 1 (represents dilution 

100) to OD750 = 0,001 (represents dilution 10−3). 

3.3. Heterogeneity of PHB Production 

In microscopic studies, we noticed that the number of PHB granules varied strongly between 

individual WT cells during nitrogen starvation. While most cells did contain PHB, the amount 

varied greatly, both in the size as well as in the number of PHB granules (Figure 5). 

 

Figure 5. Microscopic analysis of varying PHB contents in WT cells; (A) fluorescence microscopy of 

WT cells after 14 days of nitrogen starvation. PHB granules are visualized by staining with Nile red; 

(B) TEM picture of WT cells after 17 days of nitrogen starvation. Representative PHB granules are 

indicated in two different cells by red asterisks. 

Since this observation has not been systematically addressed before, we further investigated 

this phenomenon via flow cytometry (FC). Therefore, Synechocystis cells were starved for two weeks 

from nitrogen and stained with Bodipy. To distinguish the fluorescence signal of Bodipy stained 

PHB from background signals, two controls were performed: (1) determination of the unspecific 

background fluorescence from unstained WT cells as well as (2) the fluorescence of Bodipy stained 

PHB free ΔphaEC cells (Figure 6). 
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Figure 6. Analysis of intracellular PHB content using FC to detect Synechocystis cells stained with 

Bodipy. (A) overlay of the measurements for unstained WT (grey), ΔphaEC mutant strain stained 

with Bodipy (red) and WT stained with Bodipy (blue). To illustrate how the cells were separated 

with FACS, the sort regions for ΔphaEC mutant strain and WT are shown in (B) and (C), respectively. 

The red peak of ΔphaEC cells in (A) corresponds to the cell population in (B), while the blue peak of 

WT cells in (A) corresponds to the cell population in (C). Sort regions in WT for low- and high 

producers are indicated as a blue or brown circle, respectively, in (B) and (C). FL4 = Chlorophyll 

emission and FL1 = Bodipy emission. 

Compared to the unstained WT cells, the ΔphaEC cells showed a higher fluorescence signal, 

which is caused by unspecific staining of hydrophobic structures within the cells by Bodipy. 

Compared to the Bodipy stained ΔphaEC cells, a large portion of the Bodipy stained WT cell showed 

a fluorescence signal that was partially overlapping with that of ΔphaEC cells, but, on average, 

shifted to higher intensities (Figure 6, blue circle). This corresponds to a major population of cells 

that contained only low to medium amounts of PHB. From these, a second part of the WT 

population could clearly be distinguished, which showed much higher fluorescence signals (Figure 

6, brown circle). This corresponds to a subpopulation of high PHB producing cells. Since the cells 

used for PHB production are derived from a single clone, they are assumed to be genetically 

identical. To definitively clarify that the different PHB synthesis phenotypes are not caused by 

(epi)genetic differences but are more likely, and are based on stochastic regulation of PHB synthesis, 

we isolated low and high PHB producing cells by FACS sorting. Single cells were recovered and 

grown on BG11 agar plates until colonies appeared. Several colonies derived from high- or 

low-producing cells were separately pooled and used to inoculate a fresh BG11 culture. Afterwards, 
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the cultures were shifted again to nitrogen free BG0 medium to trigger PHB synthesis and the cells 

were again investigated using FC as described above. The results are shown in Figure 7. 

 

Figure 7. FC analysis of intracellular PHB content. “Low” and “high” represent four individual 

biological replicates from FACS, which were based on cells that contained low or high amounts of 

PHB, respectively. Cells were starved from nitrogen for two weeks and stained with Bodipy (except 

for the unstained control). 

Undoubtedly, the cells in these new cultures established again the same PHB heterogeneity as 

in the previous experiment, regardless if they were derived from previously low- or high-producing 

cells. As previously described, all Bodipy stained WT cells showed a higher overall fluorescence 

compared to the unstrained control and the Bodipy stained ΔphaEC mutant strain, indicating that 

most cells did contain PHB. Furthermore, all replicates showed the characteristic shoulder in the FC 

analysis, representing cells with high PHB contents. This result demonstrates that the regulation of 

PHB synthesis in nitrogen-starved cells follows a stochastic program, resulting in a mixed 

population with a majority of low- to medium PHB producers and a minority of high PHB 

producing cells. 

4. Discussion 

4.1. Heterogeneity of PHB Content 

When living in a changing environment, being prepared for different potential outcomes can be 

beneficial. In order to be prepared for unpredictable future scenarios, many bacteria have evolved a 

strategy of phenotypical heterogeneity for bed hedging [24]. This allows them to have a certain part 

of their population being well prepared for either outcome. In this work, we could show that the 

formation of PHB in Synechocystis also represents this form of phenotypical heterogeneity. We 

observed this via fluorescence and electron microscopy (Figure 5) and further confirmed it by 

flow-cytometry (Figure 6). As already hypothesized, this heterogeneity has no inheritable reason, 
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since cells that were separated into low- and high producers produced progeny with the same 

heterogeneity in PHB content as the ancestral generation (Figure 7). It is likely that the heterogeneity 

results from a probabilistic genetic program (bet-hedging) that results in the observed distribution of 

PHB production. The expression of key enzymes (such as PhaEC) might be quite variable, resulting 

in some cells that do produce more PHB than others. It was shown before that transcriptional 

infidelity promotes heritable phenotypic changes, which could also explain the PHB heterogeneity 

[25]. The phenomenon of a bet-hedging strategy in PHB contents has also been described in a 

different manner for some heterotrophic bacteria, such as Sinorhizobium meliloti. Here, when dividing 

S. meliloti cells face starvation, they form two daughter cells with different phenotypes, one with low 

and one with high PHB content. These daughter cells are adapted to either short- or long-term 

starvation, respectively [26]. 

4.2. Physiological Function of PHB 

Since the majority of cells contained only minor or medium amounts of PHB, it has to be 

assumed that the conditions, under which it is beneficial to contain large PHB quantities, are rather 

seldom. To better understand PHB metabolism, this work aimed at providing additional 

information about when and why PHB is formed. We show clear evidence that the PHB content 

within the cells is increased when the bacteria are grown under alternating day–night rhythm 

(Figure 1, Figure 2). This is in coherence with a recently published transcriptomic data set [27]. Here, 

the authors have analyzed the transcription of genes under two consecutive dark- and light phases. 

We extracted all known PHB related genes from this data set and found a clear correlation between 

the genes of PHB metabolism and the diurnal rhythm (Figure A3). The assumption that PHB might 

play a role during dark, anaerobic conditions was already hypothesized before [28]. 

Since PHB is formed from intracellular glycogen pools [17] and cyanobacteria catabolize 

glycogen during the night [29], this phenotype might be explained by an increased carbon 

availability from glycogen during the night. Furthermore, Synechocystis accumulated less PHB when 

grown under standing conditions (Figure 1). These findings are in line with previous reports, which 

showed a generally decreased metabolic activity under conditions of limited gas-exchange and CO2 

availability [30]. In addition, photosynthetically active Synechocystis cells produce oxygen, which 

accumulates in the medium when grown under standing conditions (Figure A2). Excess of oxygen is 

known to impair the efficiency of the RuBisCO enzyme by causing the oxygenase reaction, which 

likely resulted in a reduced PHB reduction due to the carbon loss caused by photorespiration. 

The results fit to the observation that the EMP pathway proved to be the most important carbon 

pathway for PHB production (Figure 2). Studies have shown that cyanobacteria employ the EMP 

pathway for degradation of glucose residues to pyruvate [30]. This is also the case for growth in dark 

phases [31]. Furthermore, the EMP produces less NADPH and more ATP, compared to other 

glycolytic routes, such as the OPP (oxidative-pentose-phosphate pathway) or the ED 

(Entner-Doudoroff) pathway. Although the cultivation under standing conditions is not a strictly 

anaerobic condition (Figure A2), the O2 limitation during the dark phase could be sufficient to 

induce fermentation-like processes. It is known that cyanobacteria carry out fermentation under 

dark/anoxic conditions and produce a variety of different fermentation products [32]. Although PHB 

is so far not considered a cyanobacterial fermentation product, these conditions of limited oxygen 

availability and absence of light could explain the observed increase of intracellular PHB (Figure 1). 

In contrast to the common belief, the ability to produce PHB under conditions of nitrogen 

starvation was not shown to be beneficial since we could not detect any physiological differences 

between WT and ΔphaEC cells during the resuscitation process (Figure 3). Even when additional 

abiotic stresses were added, no growth advantage was observed (Table 1). It might be that growth 

under the controlled environment of laboratory conditions is not limiting the cells, neither in carbon 

nor energy, and hence no phenotypes were visible. 

It was previously shown that excess NADPH under nitrogen-starved conditions sustains PHB 

accumulation [13]. Hence, PHB might serve as an intracellular pool for electrons under conditions of 
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excess reduction equivalents. The fact that we did not observe any phenotypical difference under 

conditions of electron excess (for example under high amounts of light).  

Table 1 might be explained by other regulatory mechanisms compensating for the lack of PHB. 

Since the correct regulation of intracellular redox-state is crucial for the cell physiology, Synechocystis 

has evolved various strategies to cope with high levels of reduction equivalents. One example for 

such a mechanism is the flavodiiron protein Flv3, which serves as a sink for excess electrons from the 

photosynthetic light reaction, by converting O2 to H2O. A recent publication showed indeed 

increased PHB synthesis in a Flv3 deficient strain [33]. If PHB is indeed serving as an intracellular 

electron sink, its absence might be compensated by a higher activity of Flv3. Alternative ways of 

getting rid of reduction equivalents could be the secretion of reduced organic molecules, such as 

acetate. It can be assumed that the correct regulation of the ATP/NADPH ratio is crucial for 

cyanobacterial cells. Since the production of PHB from glycogen provides ATP but consumes 

NADPH, the biopolymer could help the cells to regulate this ratio under conditions of electron 

excess [33]. 

5. Conclusions 

This work describes different factors that influence the formation of PHB. However, the 

conditions where PHB is advantageous during nitrogen starvation have yet to be discovered. The 

results of this work can help to create strains with enhanced PHB contents. Besides applying dark 

phases, finding regulators of the EMP pathway to unlock the carbon flow from glycogen to PHB 

could further boost the production [17]. One alternative strategy could be the deletion of other 

NAPDH consuming pathways, as already shown in a Δflv3 strain. Finally, a deeper understanding 

of the PHB-heterogeneity might result in a more homogenous culture of high-producing cells, which 

is beneficial for the overall yield. 
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Appendix A 

 

Figure A1. Cell spectra from 600 nm to 750 nm of WT and ΔphaEC after 0–4 days of resuscitation 

from nitrogen starvation. Each line represents the mean of the spectra from three independent 

biological triplicates. The spectra were normalized to their corresponding value at 750 nm. 

 

Figure A2. Oxygen measurements of a standing WT culture at light/dark regime. At timepoint 0, 

nitrogen starvation was induced. The amount of oxygen (green) within the culture was measured 

during three adjacent days. Grey bars in the back represent the dark phases. The equilibrated oxygen 

levels are shown in a blue dashed line. 
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Figure A3. Transcriptomic data of PHB related genes [28]. The data are based on two consecutive 

days, including two 12 h phases with and without light. 

Table A1. List of used strains. 

Strain Relevant Marker of Genotype Reference 

Synechocystis sp. PCC 6803 - Pasteur culture collection 

Δzwf Slr1843::cmR Chen et al. 2016 

ΔpfkB1/2 sll1196::kmR , sll0745::spR Chen et al. 2016 

ΔphaEC slr1829,slr1830::kmR Klotz et al. 2016 
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Abstract: PHB (poly-hydroxy-butyrate) represents a promising bioplastic variety with good 12 
biodegradation properties. Furthermore, PHB can be produced completely carbon-neutral when 13 
synthesized in the natural producer cyanobacterium Synechocystis sp. PCC 6803. This model strain 14 
has a long history of various attempts to further boost its low amounts of produced intracellular 15 
PHB of ~15 % per cell-dry-weight (CDW).  16 

We have created a new strain that lacks the regulatory protein PirC (gene product of sll0944), which 17 
causes a rapid conversion of the intracellular glycogen pools to PHB under nutrient limiting 18 
conditions. To further improve the intracellular PHB content, two genes from the PHB metabolism, 19 
phaA and phaB from the known production strain Cupriavidus necator, were introduced under the 20 
regime of the strong promotor PpsbA2. The created strain, termed PPT1 (Δsll0944-REphaAB), 21 
produced high amounts of PHB under continuous light as well under day-night rhythm. When 22 
grown in nitrogen and phosphor depleted medium, the cells produced up to 63 % / CDW. Upon the 23 
addition of acetate, the content was further increased to 81 % / CDW. The produced polymer 24 
consists of pure PHB, which is highly isotactic.  25 

The achieved amounts were the highest ever reported in any known cyanobacterium and 26 
demonstrate the potential of cyanobacteria for a sustainable, industrial production of PHB. 27 

Keywords: cyanobacteria, physiology, PHB, metabolic engineering, Synechocystis, 6803, 28 
biopolymers, bioplastic, sustainable. 29 

 30 

1. Introduction 31 

The global contamination with non-degradable plastic is a huge environmental burden of our 32 
time (Jambeck et al., 2015, Li et al., 2016). While bioplastics have been suggested as a potential 33 
solution, they still represents only a very small fraction of the overall used plastics (Geyer et al., 34 
2017). Furthermore, many of these bioplastics have unsatisfying biodegradation properties. The 35 
most common bioplastic, PLA (poly-lactic-acid), is almost undegradable in marine environments 36 
(Narancic et al., 2018). This led to the emerging interest in another class of bioplastics with improved 37 
degradation properties: PHAs (poly-hydroxy-alkanoates). The most common variant in this 38 
chemical class is PHB (poly-hydroxy-butyrate) which is produced by various microorganisms. 39 
Currently, PHB is produced by fermentation using heterotrophic bacteria, such as Cupriavidus 40 
necator or Escherichia coli (Chen, 2009). However, since these production processes require 41 
crop-derived organic carbon sources for growth and production, it conflicts with human 42 
food-supply. An alternative way of producing PHB, which is independent of cropland use, is the 43 
usage of phototrophic organisms, such as cyanobacteria (Balaji et al., 2013, Akiyama et al., 2011). 44 
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Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a well-studied model organism for 45 
phototrophic growth and a natural producer of PHB (Hein et al., 1998, Wu et al., 2001). Under 46 
conditions of nutrient limitation, for example nitrogen starvation, the cells transform into a resting 47 
state during a process that is called chlorosis (Allen and Smith, 1969). During chlorosis, they do not 48 
only degrade their photosynthetic apparatus, but also accumulate large quantities of glycogen as a 49 
carbon- and energy-storage (Klotz et al., 2016, Doello et al., 2018). During the later stages of 50 
chlorosis, the cells start to degrade glycogen and convert it to PHB (Koch et al., 2019). However, the 51 
produced amounts of intracellular PHB are rather low and only range between 10 - 20 % / CDW (cell 52 
dry weight). A recent economic analysis suggests that one of the limiting factors to compete with 53 
PHB derived from fermentative processes is the low ratio of PHB / CDW in cyanobacteria (Knöttner 54 
et al., 2019). One major goal is therefore, to optimize cyanobacteria so that they achieve higher 55 
intracellular PHB contents. This would not only increase the yield but would also simplify the 56 
downstream-process of extracting the PHB from the cells. 57 

There have been various attempts to further boost the amount of PHB in cyanobacterial cells. A 58 
selection of important approaches has been listed in Table 1.  59 

 60 

Table 1.  Previous attempts to optimized the medium or genetic background of Synechocystis sp. 61 
PCC 6803 with for the production of PHB. Further approaches (also in other cyanobacteria) have 62 
been reviewed recently (Kamravamanesh et al., 2018b). 63 

Genotype PHB 

content  

(% CW) 

Substrate Production 

condition 

Polymer 

composition 

Reference 

WT 29 0.4 % acetate -P PHB (Panda et al., 

2006) 

overexpression phaAB 

(native) 

35 0.4 % acetate -N PHB (Khetkorn et al., 

2016a) 

overexpression phaABC 

(Cupriavidus necator) 

11 10 mM acetate -N PHB (Sudesh et al., 

2002) 

overexpression nphT7, 

phaB, phaC 

41 0.4 % acetate Limited air 

exchange, -N 

- (Lau et al., 2014) 

overexpression Xfpk 12 CO2 -N, -P PHB (Carpine et al., 

2017) 

overexpression sigE  1.4 CO2 -N PHB (Osanai et al., 

2013) 

overexpression rre37 1.2 CO2 -N PHB (Osanai et al., 

2014) 

 64 

 65 
Most of the attempts in the past have focused on genetical engineering approaches to reroute 66 

the intracellular flux towards PHB (Carpine et al., 2017, Lau et al., 2014, Osanai et al., 2013, Osanai et 67 
al., 2014). Synechocystis is naturally producing PHB from acetyl-CoA via the enzymes acetyl-CoA 68 
acetyltransferase (PhaA), acetoacetyl-CoA reductase (PhaB) and the heterodimeric PHB synthase 69 
(PhaEC). The overproduction of the genes encoding for those enzymes is known for increasing the 70 
PHB content within the cells (Khetkorn et al., 2016a, Sudesh et al., 2002).  71 

The highest reported rate of photosynthetically produced PHB in a wildtype (WT) 72 
cyanobacterium was achieved in a strain isolated from a wet volcanic rock in Japan. This strain, 73 
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Synechococcus sp. MA19, achieved 27 % / CDW (Miyake et al., 1996). It has to be mentioned though 74 
that other groups, who tried to work with this strain, reported that they were unable to obtain it 75 
from any known strain collection or laboratory (Markl et al., 2018). Hence, it has to be assumed that 76 
this strain disappeared. Another mentionable approach was achieved by applying UV radiation for 77 
random mutagenesis (Kamravamanesh et al., 2018a). The created Synechocystis sp. PCC 6714 strain 78 
produced up to 37 % PHB / CDW under phototrophic growth with CO2 as the sole carbon source.  79 

Besides genetical engineering, applying optimized growth conditions and medium was 80 
demonstrated to also increase PHB production (Panda et al., 2006). A study investigating 137 81 
different cyanobacterial species found that 88 of them produced PHB, depending on the nutrient, 82 
which was lacking in the growth medium (Kaewbai-Ngam et al., 2016). The highest yields were 83 
often achieved when cells were starved for nitrogen. Furthermore, the addition of organic carbon 84 
sources, like acetate or fructose, resulted in increased PHB production (Panda et al., 2006). A 85 
comprehensive overview about different approaches can be found in recent reviews 86 
(Kamravamanesh et al., 2018b, Singh and Mallick, 2017). Conflicting results concerning PHB 87 
synthesis were reported from attempts, where cells were grown under conditions of limited gas 88 
exchange. Whereas some groups reported increased yields (Panda et al., 2006, Lau et al., 2014), other 89 
groups reported that they were unable to reproduce this effect (Kamravamanesh et al., 2017). 90 
Furthermore, a recent study demonstrated that cells, which were grown under standing-conditions 91 
and were thereby also exposed to limited gas-exchange, exhibited a decreased PHB accumulation 92 
(Koch et al., 2020). Despite these various approaches to further increase the PHB content in 93 
Synechocystis, the highest PHB contents reached so far are still far beyond what was accomplished in 94 
heterotrophic bacteria, where more than 80 % of biomass is converted into the desired product. 95 

We have recently identified a gene, sll0944, whose deletion resulted in significantly increased 96 
PHB synthesis. The Sll0944 (“PirC”) deficient mutant converted its intracellular glycogen pool under 97 
nitrogen starvation rapidly to PHB (Orthwein et al., 2020). Therefore, the aim of this study was to 98 
create a strain with maximized PHB content by combining the sll0944 mutation with other factors 99 
that improve PHB synthesis. This resulted in a strain that can accumulate more than 80% PHB, 100 
which is by far the most efficient PHB producing oxygenic photosynthetic organism reported to 101 
date.   102 

 103 

  104 

2. Results 105 

In this study, we wanted to test if the PHB content of a mutant strain based on a Δsll0944 106 
background can be further increased. Recently it was shown, that overexpression of the PHB 107 
synthase PhaEC in Synechocystis PCC 6803 can cause a reduction of the PHB production, while 108 
overexpression of its phaAB genes caused an increase in intracellular PHB accumulation (Khetkorn 109 
et al., 2016a). Here, we cloned and overexpressed phaA and phaB from the known PHB production 110 
strain Cupriavidus necator (formerly known as Ralstonia eutropha) into a Δsll0944 strain. We used these 111 
genes, since they are derived from an highly efficient PHB synthesizing organism. Furthermore, the 112 
expression of heterologous enzymes ensures that these enzymes are not inhibited by intracellular 113 
regulatory mechanisms. Both genes were cloned into a pVZ322 vector under the regime of a strong 114 
promotor PpsbA2. The plasmid was then transformed into the strain Δsll0944, thereby creating the 115 
strain Δsll0944-REphaAB (Figure S1). For simplifications, the strain was termed PPT1 (for PHB 116 
Producer Tübingen 1).  117 

 118 

Strain characterization  119 

To compare the growth of the newly generated strain with the WT, both strains were grown 120 
under continuous illumination as well as under a 12/12 hours light/dark regime (Figure 1). 121 
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 122 

Figure 1. Growth behavior of WT and PPT1 strains grown under continuous illumination (A) or 123 
under a 12/12 hour light/dark regime (B). The growth was determined over 7 days by recording the 124 
OD750. Each point represents a mean of three independent biological replicates. 125 

Under both light regimes, WT and PPT1 strain exhibited similar growth rates. This was also the 126 
case when the strains were grown on solid agar plates (Figure S2). To test whether the mutant strain 127 
was able to produce PHB under vegetative growth, the PHB production of both strains was tested in 128 
BG11 medium during exponential and stationary growth stages (OD750 ~1 and ~3, respectively) 129 
(Figure S3). While the WT did not produce any detectable amounts of PHB under exponential 130 
growth, the mutant accumulated ~ 0.5 % / CDW. Under stationary conditions, none of both strains 131 
produced any detectable amount of PHB.  132 

To test, whether the newly generated mutant is able to accumulate higher amounts of PHB 133 
under production conditions, different cultivation conditions were systematically tested. The 134 
conditions of the highest production rates were then used for further experiments. First, the impact 135 
of continuous illumination compared to day-night cycles was tested. Therefore, WT and PPT1 cells 136 
were shifted to nitrogen-free BG0 medium to induce chlorosis and were subsequently grown under 137 
12/12 hours light /dark cycle or under continuous illumination; the amount of intracellular PHB was 138 
quantified and normalized to the CDW (Figure 2). For an easier comparison, all following graphs 139 
about PHB accumulation have the same y-axis scalation. 140 

 141 
 142 

 143 

Figure 2. PHB content of WT (blue), Δsll0944 (black), REphaAB (orange) and PPT1 (green) cells with 144 
different light regimes. Exponentially grown cells were shifted to nitrogen free BG0 and cultivated 145 
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under either diurnal (12 hours light/12 hours darkness) (A) or continuous light (B). Each point 146 
represents a mean of three independent biological replicates. 147 

To test the influence of the individual genetic modifications, the PHB content of two strains 148 
harbouring only one of the two genetic alterations (Δsll0944 or REphaAB, respectively) were 149 
measured. Compared to the WT, the Δsll0944 and the REphaAB strains produced higher amounts of 150 
PHB (32 and 31 % / CDW, respectively) after three weeks of chlorosis. When both mutations were 151 
combined (PPT1), the accumulation of PHB was further increased to 48 and 45 % PHB / CDW at 152 
dark/light or continuous light, respectively. With 31 % of PHB per CDW after 7 days in diurnal 153 
cultivation, the initial rate of PHB synthesis in the PPT1 cells was higher as compared to continuous 154 
illumination, where PHB amounted to 23 %. Therefore, these conditions were further investigated.  155 

 156 

Medium optimization 157 

Other studies have reported that, besides nitrogen, the lack of other elements can also induce 158 
the biosynthesis of PHB in Synechocystis (Kaewbai-Ngam et al., 2016). To test this effect on the newly 159 
generated strain, WT and PPT1 cells were shifted to either sulphur, phosphor or 160 
nitrogen/phosphor-free medium and the content of intracellular PHB was quantified (Figure 3).  161 

 162 

Figure 3. PHB content of WT (green) and PPT1 (blue) cells grown in different media under dark/light 163 
rhythm. To induce PHB production, exponentially grown cells were shifted to either sulphur, 164 
phosphor or nitrogen/phosphor free medium (A, B and C, respectively). Each point represents a 165 
mean of three independent biological replicates. 166 

Whenever phosphate free production conditions were used, the precultures were already 167 
grown in phosphate-free BG11, in order to deplete the intracellular polyphosphate storage pools of 168 
Synechocystis. In sulphur- as well as in phosphor-free medium, both strains produced only minor 169 
amounts of PHB. However, when the cells were shifted to nitrogen/phosphor-free medium, the 170 
mutant strain accumulated after three weeks high amounts of up to 63 % / CDW. Under the same 171 
conditions, the WT accumulated only 15 % / CDW. All further experiments will be based on cultures 172 
grown in nitrogen- and phosphor depleted BG11 medium. 173 

To test, if the produced PHB amounts can be further increased by the addition of an additional 174 
carbon sources, either 100 mM NaHCO3 or 10 mM acetate were added after the shift to 175 
nitrogen/phosphor-free medium (Figure 4). 176 

 177 
 178 
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180 
   181 

Figure 4. PHB production of WT (green) and PPT1 (blue) cells grown under alternating light/dark 182 
regime. (A) Cells shifted to nitrogen/phosphor free medium with the addition of 100 mM NaHCO3. 183 
(B) Cells shifted to nitrogen/phosphor free medium with the addition of 10 mM acetate. Each point 184 
represents a mean of three independent biological replicates.  185 

As in the previous experiments, cells were again cultivated in diurnal light/dark regime. When 186 
NaHCO3 was added, the PPT1 cells reached intracellular PHB contents of up to 61 % / CDW after 187 
two weeks, while the WT accumulated only 10 % / CDW. Notably, the initial production rate was 188 
further increased, leading to an average of 46 % / CDW in the PPT1 after one week. When instead of 189 
NaHCO3 10 mM acetate were added, the WT reached intracellular PHB contents of up to 32 % / 190 
CDW after four weeks, while the PPT1 mutant accumulated up to 81 % / CDW after three weeks of 191 
starvation (Figure 4 A). A further starvation of another week did not further increase the yields, but 192 
instead slightly reduced the intracellular amount of PHB. When cells were grown under the same 193 
conditions but with continuous illumination, the produced amounts of PHB were much lower 194 
(Figure S4).  195 

To test if the limitation of gas-exchange could lead to a further increase of PHB production, 196 
nitrogen-phosphorus starved cells were grown in sealed vessels. However, after an initial increase of 197 
intracellular PHB, the amount dropped strongly (Figure S5).  198 

Visualization of PHB granules 199 

To find out how the high PHB values that were quantified by HPLC analysis affect the 200 
morphology of the cells, and how these masses of PHB are organized within the cells, fluorescence 201 
microscopy as well as transmission-electron-microscopy (TEM) pictures were taken (Figure 5).  202 
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 203 

Figure 5. WT (A) and PPT1 cells (B-F) after 21 days of nitrogen-phosphorus-starvation with 10 mM 204 
acetate grown under alternating light/dark regime. (A) WT cells for comparison. (B) PTT1 cells 205 
showing a ruptured cell wall. (C) PPT1 cells with a single PHB granule. (D) PPT1 cells with multiple 206 
granules. (E) Fluorescence microscopic picture of PPT1 cells; PHB granules are visualized as red 207 
inclusions after staining with Nile red. (F) Overview of multiple PPT1 cells. 208 

 209 
The samples for the images in Figure 5 were taken from the same cells, which were used for the 210 

experiment shown in Figure 4 B after 21 days (PPT1 cells, nitrogen-phosphorus starvation with 10 211 
mM acetate). Electron-microscopic images show that the cells are fully packed with PHB granules 212 
(Figure 5 C, D). Although some heterogeneity among the cells is visible, most of the cells contained 213 
large quantities of PHB. The TEM pictures revealed that the interior of many cells was vastly filled 214 
up by PHB (Figure 5 C, D). Interestingly, most cells contained not multiple, but only one large PHB 215 
granule, indicating a potential fusion from smaller granules. In several cases, the observed cells were 216 
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already ruptured, releasing PHB into their environment (Figure 5 B). In overview TEM pictures, it 217 
became apparent that most cells contained large quantities of PHB (Figure 5 F).  218 

 219 

Qualitative analysis of PHB  220 

To further characterize the material properties of the produced PHB, PPT1 cells were cultivated 221 
for four weeks under nitrogen and phosphorus starvation. The cells were broken by sodium 222 
hypochlorite treatment and the purified PHB was analysed via gel permeation chromatography 223 
(GPC), 1H-NMR and 13C-NMR, to determine the molecular weight, the dispersity, the purity and 224 
the tacticity of the polymer, respectively. GPC analysis showed that PPT1 produces a 225 
high-molecular-weight polymer with relatively narrow dispersity (Figure 6). The number-average 226 
molecular weight was determined at Mn = 503 kg/mol (Ð = 1.74), which was more than twice as high 227 
than the control (Mn = 246 kg/mol, Ð = 2.33).  228 

 229 
 230 

 231 
Figure 6. GPC analysis of PHB from an industrial standard (A) and PPT1 (B).  232 

The chemical structure of the polymer was confirmed by 1H and 13C NMR spectroscopy to be 233 
completely pure PHB (Figure S6, S7). Furthermore, the observed singlet resonances in the 13C NMR 234 
spectrum indicated that the PHB derived from PPT1 is highly isotactic (Figure S8). 235 

 236 
  237 

3. Discussion 238 

Δsll0944-REphaAB produces maximum amounts of PHB 239 

As previous studies have shown, PHB is derived from the intracellular glycogen pools (Koch et 240 
al., 2019). Furthermore, this carbon flux is regulated by the protein Sll0944, which controls a central 241 
enzyme of the glycogen catabolism (phosphoglyceratemutase) (Orthwein et al., 2020). Deletion of 242 
Sll0944 results in strongly increased glycogen catabolism during prolonged nitrogen starvation. By 243 
the additional expression of the genes phaA and phaB, most of the carbon is redirected from the 244 
acetyl-CoA to the PHB pool. Since the reaction catalyzed by PhaB is converting one NADPH to 245 
NADP, the reaction yielding hydroxybutyryl-CoA is strongly favored during nitrogen starvation, 246 
where NADPH pools are increased (Hauf et al., 2013), driving PHB forward (Figure S1). 247 

When grown in nutrient-replete balanced medium, the growth behavior of the PPT1 strain was 248 
comparable to the WT, in liquid medium as well as on solid agar plates (Figure 1, Figure S2). It is 249 
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expected that both strains behave similar under these conditions, since there was hardly any PHB 250 
produced under vegetative grow (Figure S3) and since sll0944 is mostly expressed during nitrogen 251 
starvation (Klotz et al., 2016b). The newly generated strain PPT1 shows a combinatory phenotype of 252 
both individual strains Δsll0944 and REphaAB: while both individual strains have increased PHB 253 
production under nitrogen starvation by ~10 % / CDW, the strain PPT1 showed an additive 254 
phenotype of both effects and thereby reached values of up to 45 % / CDW (Figure 2 A). Similar PHB 255 
contents were reached regardless of the applied light regime, indicating that the production of PHB 256 
is not limited by the availability of light (Figure 2). The accumulation of PHB was further boosted by 257 
combined nitrogen-phosphorus starvation (Figure 3 C). This is in accordance with previous studies, 258 
where the combined nitrogen-phosphorus starvation caused the highest PHB production (Carpine et 259 
al., 2017). In contrast, the individual limitation of either sulfur or phosphorus resulted in only small 260 
intracellular PHB accumulations (Figure 3 A and B). It was shown before, that nitrogen limitation is 261 
most efficient for the induction of PHB synthesis in cyanobacteria (Kaewbai-Ngam et al., 2016). In a 262 
recently created strain though, it was shown that a random mutation in a phosphate specific 263 
membrane protein PstA caused a strong increase in PHB accumulation, hinting towards the 264 
importance of phosphorus for PHB production (Kamrava et al., 2018). 265 

When 100 mM NaHCO3 were added to PPT1 cells cultivated in nitrogen-phosphorus depleted 266 
medium, a further increase of intracellular PHB levels was reached in the initial phase. This indicates 267 
that a limitation of carbon was impairing the PHB production in previous experiments. Since PHB is 268 
mostly formed from intracellular carbon (Dutt and Srivastava, 2018), carbon availability could be 269 
exhausted at such high PHB contents and thereby limit further accumulation of PHB. Notably, one 270 
of the three biological replicates exhibited a PHB content of 61 % / CDW after one week, indicating 271 
the potential to accelerate the pace of PHB formation by process engineering. The overall content 272 
was further increased by the addition of 10 mM acetate, hinting towards a limitation of the precursor 273 
acetyl-CoA. Since acetate can be converted to acetyl-CoA in a single enzymatic reaction, it is more 274 
efficiently metabolized to PHB compared to NaHCO3. 275 

Interestingly, the highest PHB content was reached under light/dark regime, while its 276 
accumulation was strongly diminished under continuous light, even upon the addition of acetate 277 
(Figure 4 and Figure S4). This fits to previous observations, where cultivation under diurnal 278 
light/dark cycles was shown to increase the PHB production (Koch et al., 2020). Cells which were 279 
cultivated under conditions of gas-exchange limitation showed reduced PHB accumulation. This 280 
was also reported by other groups (Kamravamanesh et al., 2017) and might be explained by the lack 281 
of oxygen during the night, which is necessary for maintaining cell metabolism. Alternatively, excess 282 
of oxygen during the day could cause an increased oxygenase reaction which wastes energy and 283 
thereby slows down cell metabolism.   284 

Morphology of PHB granules  285 

TEM pictures showed Synechocystis cells fully packed with PHB granules (Figure 5). 286 
Additionally, a certain number of cells displayed fractured cell envelops, leading to PHB granules 287 
leaking out of the cells. The rupture of cells could be due to intracellular mechanical pressure from 288 
the expanding PHB granules or it could be caused from mechanical stress during the preparation 289 
process. Whatever the cause of the ruptures was, it indicates an increased cell fragility due to the 290 
massive accumulation of PHB, since the effect was not detected in WT cells, which contained less 291 
PHB but were treated with the same procedure. This indicates that some PPT1 cells have reached an 292 
upper limit of how much PHB a cell can accumulate, above which cell viability is severely 293 
challenged. It was previously hypothesized that Synechocystis cells cannot accumulate larger 294 
quantities of PHB due to sterical hindrance of the thylakoid membranes. This study demonstrates 295 
that it is possible to manipulate Synechocystis in such a way that it accumulates vast amounts of PHB. 296 
Interestingly, most cells which contained large PHB-quantities possessed only very few granules, 297 
often just one single granule. This indicates that PHB granules merge together once they exceed a 298 
certain size.  299 
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Qualitative analysis of PHB 300 

Analysis of the extracted PHB derived from PPT1 revealed that it consists of PHB only. While 301 
other bacteria are able to produce PHAs with different side chains, such as 3-hydroxyvalaerate, the 302 
PhaEC enzyme, which is present in Synechocystis, is producing selectively PHB. For future 303 
experiments, a mutant strain harbouring a heterologous PHA polymerase could be created for the 304 
production of heteropolymers with improved material properties, such as 305 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Other cyanobacteria, like Nostoc 306 
microscopicum, have already shown to possess PHA-polymerases which are able to produce PHBV 307 
(Tarawat et al., 2020). In previous analysis the average molecular weight of PHB from Synechocystis 308 
and Synechocystis sp. PCC 6714 was determined at Mn ~ 130 and 316 kg mol−1, respectively (Osanai et 309 
al., 2014, Lackner et al., 2019). Compared to this, the PHB derived from PPT1 is high-molecular, 310 
showing an average weight of 503 kg/mol. The PHB derived from PPT1 turned out to be highly 311 
isotactic, which is beneficial for good biodegradation properties.  312 

Conclusiosn and outlook 313 

To further accelerate PHB production, overexpressing a strong PHB-polymerase could be 314 
beneficial. Although it was shown that higher levels of PhaEC can lower the PHB content (Khetkorn 315 
et al., 2016b), its activity could be rate limiting once such high values as in this present study are 316 
reached. The insertion of another short-chain-length PHA-polymerase could furthermore lead to the 317 
production of PHAs with improved material properties (PHBV). In order to improve the overall 318 
production yields, increased growth rates would be necessary, for example by the cultivation in 319 
high-density cultivators. In similar approaches, Synechocystis cultures reached OD750 of above 50 320 
when higher light and CO2 concentrations were applied (Dienst et al., 2019, Lippi et al., 2018). Under 321 
those ideal conditions, up to 8 g of dry biomass l-1 d-1 were reached. If the time for chlorosis is 322 
assumed to be similar to the time required for cultivation and an intracellular PHB content of 60 % is 323 
reached, 2,4 g PHB l-1 d-1 could be produced under completely phototrophic conditions. Since the 324 
PHB production in the strain PPT1 is optimal under light/dark regime, the strain is also well suited 325 
for outdoor cultivation. Scaling up the cultivation to larger reactors would further reduce the 326 
production costs of PHB (Panuschka et al., 2019). Additionally, the ability of autotrophic 327 
cyanobacteria to sequester CO2 from the atmosphere could be beneficial for CO2 emission trading. 328 
Alternatively, a growth-coupled PHB production could be beneficial for certain kinds of cultivation. 329 

In summary, this study shows for the first time that cyanobacteria have the potential to 330 
accumulate large quantities of PHB. Furthermore, we demonstrate that also under cultivation with 331 
CO2 as the only carbon source, Synechocystis is able to produce quantities of PHB, which is of high 332 
relevance for the sustainable production of PHB as a bioplastic. This study helps to come closer to an 333 
industrial production of carbon neutral plastic alternatives.  334 

 335 

5. Materials and Methods  336 

Cyanobacterial cultivation conditions 337 

If not stated differently, Synechocystis sp. PCC 6803 cultures were grown in standard BG11 medium 338 
with the addition of 5 mM NaHCO3 (Rippka et al., 1979). The cultures were constantly shaken at 125 339 
rpm, 28°C and at a illumination of ~50 µE. A 100 ml Erlenmeyer flask was used to grow 50 ml of 340 
bacterial culture. When cells were grown under alternating light/dark rhythm (12 hours each), the 341 
precultures were already adapted to these conditions by cultivating them under light/dark rhythm 342 
for two days. Whenever required, appropriate antibiotics were added to the mutant strains. When 343 
cultivation in depletion-medium was required, the following were used: for nitrogen starvation BG0 344 
(BG11 without NaNO3); for sulfur starvation BG11 with MgCl instead of MgSO4; for phosphor 345 
starvation KCl instead of K2HPO4. Since Synechocystis has intracellular polyphosphate storage 346 
polymers, a preculture in phosphorus free medium was inoculated two days before the actual shift 347 
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to phosphor free medium. For all starvations, exponentially grown cells (OD750 0.4-0.8) were washed 348 
twice in the appropriate medium. For this, the cells were harvested at 4,000 g for 10 min, the 349 
supernatant discarded and the pellet resuspended in the appropriate medium. Afterwards the 350 
culture was adjusted to an OD750 of 0.4. For growth on solid surfaces, cells of an OD750 = 1 were 351 
dropped on BG11 plates containing 1.5 % agar. A serial dilution of the initial culture was prepared in 352 
order to count individual colony-forming-units. A list of used strains in this study is provided in 353 
Table 2.  354 

Table 2. List of strains used in this study. 355 

Name Genotype Reference 

WT Synechcoystis sp. PCC 6803 Pasteur culture collection  

Δsll0944 KanR (Orthwein et al., 2020) 

REphaAB pVZ322 with psbA2 regulated phaAB genes from 

Cupriavidus necator; GenR 

This study 

PPT1 

(Δsll0944-REphaAB) 

KanR, GenR This study 

 356 

Construction of REphaAB and Δsll0944-REphaAB mutants 357 

The promotor psbA2 and phaAB were amplified from genomic DNA of Synechocystis and 358 
Cupriavidus necator, respectively. For this, the primer psbaA2fw2/psbA2rv2 or 359 
RephaABA2fw/RephaABA2rv were used (Table 3). A Q5 high-fidelity polymerase (NEB) was used 360 
to amplify the DNA fragments. The latter were subsequently assembled in pVZ322 vector (Gibson et 361 
al., 2009), which was beforehand opened at the XbaI site. The resulting vector was propagated in E. 362 
coli Top10 and isolated using a NEB miniprep kit. The plasmid was subsequently sequenced to 363 
verify sequence integrity. The correct plasmid was then transformed into Synechocystis using 364 
triparental mating (Wolk et al., 1984), resulting in the strain REphaAB. The same REphaAB plasmid 365 
was also transformed in the strain Δsll0944, resulting in the strain PPT1 (Δsll0944-REphaAB). 366 

Table 3. List of oligonucleotides used in this study. 367 

Primer name Sequence 

psbA2fw2 gcttccagatgtatgctcttctgctcctgcaggtcgactcatttttccccattgccccaaaatac 

psbA2rv2 gatacgatgacaacgtcagtcattttggttataattccttatgtatttg 

RePhaABA2fw caaatacataaggaattataaccaaaatgactgacgttgtcatcgtatc 

RePhaABA2rv atgaatgttccgttgcgctgcccggattacagatcctctatcagcccatgtgcaggccgccgttg 

 368 

Gas exchange limitation 369 

When gas exchange limitation was applied, 10 ml of culture were transferred to a 15 ml reaction 370 
tube. The tube was closed and additionally sealed with several layers of parafilm. During the 371 
incubation, the reaction tubes were constantly shaken.   372 
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Microscopy and staining procedures  373 

To analyze the intracellular PHB granules, 100 µl of Synechocystis culture were centrifuged (10,000 g, 374 
2 min) and 80 µl of the supernatant discarded. Nile red (10 µl) was added and the pellet 375 
resuspended. From this mixture, 10 µl were dropped on an agarose-coated microscopy slide. For the 376 
detection, a Leica DM5500 B with an 100x /1.3 oil objective was used. An excitation filter BP 535/50 377 
was used to detect Nile red stained granules.  378 

PHB quantification  379 

To determine the intracellular PHB content, ~10 ml of cells were harvested by centrifugation (10 min 380 
at 4,000 g). The supernatant was discarded, and the remaining cell-pellet dried in a Speed-Vac for at 381 
least 2 h at 60°C. The weight of the dried pellet was measured to determine the CDW. Next, 1 ml of 382 
concentrated sulfuric acid (18 M H2SO4) was added and the sample was boiled for 1 h at 100°C. This 383 
process converts PHB to crotonic acid at a ratio of 1 to 0.893. The samples were diluted by 384 
transferring 100 µl to 900 µl of 14 mM H2SO4. Subsequently, the tubes were centrifuged for 10 min at 385 
10,000 g. Next, 500 µl of the supernatant were transferred to a new tube and 500 µl of 14 mM H2SO4 386 
were added. The samples were centrifuged again and 400 µl of the clear supernatant was transferred 387 
into a glass vile for HPLC analysis. For this, a 100 C 18 column (125 by 3 mm) was used with 20 mM 388 
phosphate buffer at pH 2.5 for the liquid phase. As a standard, a dilution series of commercially 389 
available crotonic acid was used. The final amount of crotonic acid was detected at 250 nm.   390 

Electron microscopy  391 

For electron microscopic pictures, Synechocystis cells were fixed and post-fixed with glutaraldehyde 392 
and potassium permanganate, respectively. Subsequently, ultrathin sections were stained with lead 393 
citrate and uranyl acetate (Fiedler et al., 1998). The samples were then examined using a Philips 394 
Tecnai 10 electron microscope at 80 kHz.  395 

 396 

Purification of PHB  397 

For the analysis of PHB, PPT1 cells were cultivated for four weeks in BG11 medium (without 398 
phosphorus and nitrogen) at light/dark regime. The cells were harvested by centrifugation for 10 399 
min at 4,000 g. The cell pellet was resuspended in 15 ml freshly bought sodium hypochlorite solution 400 
(6 %) and shaken over night at room temperature. The next day, the cell debris were centrifuged and 401 
washed with water (10 times), until the chlorine smell disappeared. Subsequently, the pellet was 402 
washed once with 80 % ethanol and once with acetone.  403 
 404 

 405 
NMR and GPC  406 

To characterize the chemical properties of PHB derived from PPT1, NMR spectra were recorded on a 407 
Bruker AVIII-400 spectrometer at ambient temperatures. As a control, an industrial standard PHB 408 
was used (BASF, Ludwigshafen, Germany). 1H and 13C NMR spectroscopic chemical shifts δ were 409 
referenced to internal residual solvent resonances and are reported as parts per million relative to 410 
tetramethylsilane. The tacticity of the polymer was analysed by 13C NMR spectroscopy according to 411 
literature (Bloembergen et al., 1989). As NMR solvent, CDCl3 was used (Sigma-Aldrich, Taufkirchen, 412 
Germany). 413 

Measurements of polymer weight-average molecular weight (Mw), number-average molecular 414 
weight (Mn) and molecular weight distributions or dispersity indices (Đ = Mw/ Mn) were performed 415 
via gel permeation chromatography (GPC) relative to polystyrene standards on an PL-SEC 50 Plus 416 
instrument from Polymer Laboratories using a refractive index detector. The analysis was 417 
performed at ambient temperatures using chloroform as the eluent at a flow rate of 1.0 mL min-1. 418 
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Supplementary Materials 422 

 423 

 424 

Figure S1. Overview about the central carbon-pathways in Synechocystis. It was previously shown, 425 
that the glycogen and PHB pool are interconnected via the EMP pathway (green) (Koch et al., 2019). 426 
Highlighted are the deleted protein Sll0944 and its target, the phosphoglyceratmutase, as well as the 427 
two overexpressed enzymes, PhaA and PhaB.  428 

 429 

 430 

Figure S2. Drop plate assay of the WT and PPT1. Vegetative cells at an OD750 of 1 were diluted 431 
10-fold for five times (100 to 104, respectively). The dilutions were then dropped on a BG11 agar plate 432 
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and grown at continuous light or light/dark rhythm for 7 or 12 days, respectively. The plate shown in 433 
the figure is representative for 3 individually grown biological replicates. 434 

 435 

 436 

Figure S3. PHB accumulation under vegetative growth. WT and PPT1 cells were sampled during 437 
exponential or stationary phase (OD ~1 and ~3, respectively) at continuous lighting. n.d. = not 438 
detectable. Each point represents a mean of three independent biological replicates. 439 

 440 

 441 

Figure S4. PHB production of WT (green) and PPT1 (blue) cells grown under continuous lighting. 442 
Cells shifted to nitrogen/phosphor free medium (A) and with additional 100 mM NaHCO3 (B) or 10 443 
mM acetate (C). Each point represents a mean of three independent biological replicates. 444 

 445 
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 446 

Figure S5. PHB content of WT (green) and PPT1 (blue) cells grown in nitrogen/phosphor free 447 
medium under light/dark regime. Dashed lines indicate growth in sealed vessels. Each point 448 
represents a mean of three independent biological replicates. 449 

 450 

 451 

Figure S6. 1H NMR (CDCl3, 400 MHz) spectrum of PHB derived from PPT1 compared to an 452 
industrial standard sample.  453 

 454 
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 455 

Figure S7. 13C NMR spectrum (CDCl3, 101 MHz) of PHB derived from PPT1 compared to an 456 
industrial standard sample. 457 

 458 

 459 

Figure S8. 13C NMR spectrum to analyse the tacticity of PHB derived from PPT1. For comparison, 460 
industrial standard PHB (isotactic) and atactic PHB (produced from ß-butyrolactone via 461 
ring-opening polymerization) are shown. 462 
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Abstract 1 

Polyhydroxybutyrate (PHB) is a carbon polymer with diverse functions, varying strongly on the 2 

organism producing it. This microreview describes the current knowledge about PHB 3 

metabolism, structure and different physiological roles known today. Although PHB is also 4 

present in numerous cyanobacterial strains, no condition, where PHB is advantageous for such 5 

cells, was yet discovered. Hence, the potential functions of PHB in the phylum cyanobacteria are 6 

discussed. 7 

  8 
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The characteristics and classification of polyhydroxybutyrate 9 

Polyhydroxybutyrate (PHB) was already discovered in Bacillus megaterium in 1926 (Lemoigne, 10 

1926). PHB is composed of 3-hydroxy-butyrate monomers. This subunit has a simple structure, 11 

as it consists of the four carbon fatty acid butyrate with an hydroxy group at the third carbon atom. 12 

When several 3-hydroxybutyrate monomers are connected via an ester bond they form PHB 13 

(Jendrossek, 2009). The latter accumulates in the form of water insoluble inclusions within the 14 

cell. The general structure of PHB is shown in Fig. 1. 15 

 16 

Fig. 1. General structure of PHA. Depending on the side chain R, several different types of PHA are formed. In the case 17 

of PHB, the side chain corresponds to a methyl group.The monomeric units (n) of PHAs are linked via an ester bond 18 

between the hydroxy- and the carboxyl groups, forming the respective PHA.   19 

Six decades after PHB was first discovered, in 1983 researchers showed that when grown on long 20 

chain fatty acids, Pseudomonas oleovorans produces poly-beta-hydroxyoctanoate granules (de 21 

Smet et al., 1983). This was the first time, that the microbial production of other 22 

polyhydroxyalkanoates (PHA) was discovered. PHAs are classified in three different groups, 23 

depending on the length of their side chain: short- (C3-C5), medium- (C6-C16) and long-chain-length 24 

PHA (scl, mcl and lcl, respectively) (Jendrossek, 2009). A selection of different PHA types is given 25 

in Fig. 2. 26 

Production of PHA is described from representatives from all three kingdoms of life: archaea, 27 

bacteria and eukaryotes. Just recently it has been reported, that also eukaryotic algae can 28 

naturally produce PHB, namely Chlorella (Cassuriaga et al., 2018) and Botryococcus (Kavitha et al., 29 

2016). However, PHA production is best characterized in bacteria, such as Pseudomonas putida 30 

(Timm and Steinbüchel, 1990), Cupriavidus necator (formerly known as Ralstonia eutropha) 31 

(Wilde, 1962), Bacillus megaterium (Griebel et al., 1968), Rhodococcus ruber (Haywood et al., 32 

1991), Acinetobatcer sp. (Schembri et al., 1995). Besides a few exceptions, mcl PHAs are mainly 33 

produced by fluorescent Pseudomonads strains such as P. putida (Prieto et al., 2007).  Since PHB 34 

is by far the most widely distributed type of PHA in bacteria, this review focuses mostly on PHB. 35 

For the sake of completeness, however, some aspects related to other PHAs are also mentioned.  36 
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Due to its physical and chemical properties, PHB is often considered as a potential substitute for 37 

thermoplastic polymers, such as polypropylene. However, there are strong differences compared 38 

to commonly used plastics. For example, its structure exhibits low elasticity but high rigidness, 39 

which are undesirable material properties for many applications (van der Walle et al., 2001). 40 

However, these physical properties vary strongly among the different PHAs. Depending on the 41 

length of the side chain, the material becomes more elastic and less brittle with longer side chains. 42 

Additionally, alternative side chains, such as aromatic groups, can further alter the properties of 43 

the PHA (Ishii-Hyakutake et al., 2018, Ward and O'Connor, 2005). Finally, heteropolymers, such 44 

as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) further increase the range of physical 45 

properties of PHA-based polymers (Rivera-Briso and Serrano-Aroca, 2018).  46 

 47 

PHB metabolism  48 

PHB synthesis starts with acetyl-CoA monomers. In the first step, an acetyl-CoA acetyltransferase, 49 

termed PhaA, catalyses the condensation of two units of acetyl-CoA to acetoacetyl-CoA. In the next 50 

step, an acetoacetyl-CoA reducatase (PhaB), reduces acetoacetyl-CoA to 3-hydroxyacetly-CoA, 51 

while oxidizing one molecule of NADPH to NADP+. Finally, a PhaC polymerase connects a 3-52 

hydroxyacetly-CoA to an elongated PHB polymer (Fig. 2).   53 

 54 

Fig. 2. PHB synthesis pathway. Two units of acetyl-CoA are condensated to acetoacetyl-CoA via PhaA. Next, PhaB 55 

reduces it to 3-hydroxybutyryl-CoA. The latter serves as a monomer which gets polymerized to PHB by PhaC. 56 

On the basis of primary sequence, substrate specificity and subunit composition, different classes 57 

of PHB polymerases can be distinguished (Amara and Moawad, 2011). The first class of PhaC 58 

comprises polymerases, which are PhaC homodimers and are present for example in C. necator. 59 

Similarly, class II, which contains PhaC1 and PhaC2 synthases and is present in P. putida, form also 60 

homodimers. In contrast to that, class III comprises heterodimers, such as PhaC-PhaE in 61 

Synechcoystis sp. PCC 6803. Also class IV synthases, which are for example present in Bacillus sp., 62 
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are composed of two subunits. However, in the case of class IV, heterodimeric polymerases are 63 

composed of PhaC and PhaR. A main difference between these four classes is that only class II is 64 

able to produce mcl PHA, while all other classes produce predominantly scl PHA, such as PHB 65 

(Jendrossek, 2009). It is known that the presence of certain metabolites, such as acetyl-phosphate, 66 

can alter the activity of PHB polymerase (Miyake et al., 1997).  67 

The elongated polymer can subsequently be catabolized by PHA depolymerases, termed PhaZ. 68 

The latter can be either intra- or extracellular, depending on their purpose. In C. necator, there are 69 

seven different depolymerases annotated, indicating the importance of a regulated mobilization 70 

of PHB (Pohlmann et al., 2006).  71 

Besides the enzymes mentioned above, some bacteria (like P. putida) possess further enzymes, 72 

which enable them to convert additional substrates into PHA . One enzyme is PhaJ, which converts 73 

enoyl-CoA into R-3-hydroxyacly-CoA and thereby connects the fatty acid ß-oxidation with the PHA 74 

synthesis. PhaG, another enzyme found in P. putida, converts acyl-ACP to (R)-3-acyl-CoA and 75 

thereby links the fatty acid de novo synthesis to the PHA metabolism. The fatty acid and PHA 76 

pathways are further interconnected by enzymes, which catalyse reactions in both  pathways. For 77 

example, the enzyme FabG, which is actually part of the fatty acid biosynthesis, can also catalyse 78 

the same function as PhaB, but with a lower catalytic efficiency (Zhang et al., 2017). A complete  79 

model of the different pathways involved in the PHA metabolism is shown in Fig. 3 (except the 80 

PHA depolymerization). 81 

 82 
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 83 

Fig. 3. PHA metabolism and different metabolic pathways (Koch and Forchhammer, 2020). Important enzymes are 84 

highlighted in red. Not shown is the PHA depolymerization, which is utilized by PhaZ. 85 

With all those enzymes in place, the entire PHA cycle is complete and acetyl-CoA can be completely 86 

metabolized to PHA and back again. Interestingly, some studies suggest that there could be a 87 

constant carbon flow of PHA synthesis and degradation. This way the cells could ensure that the 88 

right metabolic intermediates are available and could adapt the cell to environmental conditions. 89 

It was shown that PHA synthase and depolymerase are active at the same time, further supporting 90 

the initial hypothesis (Arias et al., 2013). 91 

 92 

Proteins associated to PHB granules 93 

Despite the simple structure of PHB, its granules are much more complex.  Several proteins are 94 

located on the granule-surface or are involved in its metabolism and regulation. Due to this 95 

complexity, the name carbonosomes has been suggested to highlight that PHB granules are rather 96 

subcellular organelles and not just a prolonged chain of molecules (Jendrossek, 2009). In the 97 

following, the most important proteins, which are involved in PHB granule formation, 98 

maintenance and degradation, are described.  99 

Phasins are low-molecular-weight proteins, which are directly attached to the surface of PHB 100 

granules (Mezzina and Pettinari, 2016). They are very abundant and serve various different 101 

purposes, such as structural, biosynthetic, catabolic and regulatory functions. Often these phasins 102 
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are the predominant protein covering large parts of the granule-surface, whereby they also shield 103 

the cytoplasm from the hydrophobic PHB surface. A representative of such phasins is PhaP from 104 

C. necator. Here, several different kinds of PhaP are present, which cover the surface of the PHB 105 

granules. The amount of PhaP is tightly regulated  and corresponds with the amount of 106 

intracellular PHB (York et al., 2001). A PhaP homologue was recently discovered in Synechocystis 107 

sp. (Hauf et al., 2015). In P. putida, PhaF and PhaI are the main granule associated proteins (Prieto 108 

et al 1999).  109 

Besides just covering the granules surface, phasins exhibit further functions. For example, PhaF 110 

from P. putida organizes PHA granules along the long-axis of the cell and ensures equal granule 111 

sharing upon cell division (Galán et al., 2011).When PhaF is not present, cells still produce PHA, 112 

but the entire cell population divides into cells with and other without PHA. PhaF is present as a 113 

homomeric tetramer, where the monomers possess an N-terminal helix and a short leucine 114 

zipper, potentially used for protein-protein interaction (Maestro et al 2013). With its DNA binding 115 

domain, PhaF furthermore serves as a regulator of the pha genes (Galán et al., 2011). The protein 116 

PhaI shares large similarities with the N-terminal region of PhaF, but without the leucine zipper. 117 

Although PhaI can be partially substituted by PhaF, both enzymes together are essential for a 118 

proper PHA metabolism.  119 

Similarly to PhaF, in C. necator PhaM has the function to bind to the PHB granulum as well as the 120 

DNA and thereby ensures equal distribution among the daughter cells. Additionally, PhaM 121 

activates the PHB synthase PhaC1 and thereby directly influences the PHB metabolism (Pfeiffer 122 

and Jendrossek, 2014). While PhaM regulates the PHB synthesis on the protein level, the 123 

regulators PhaR and PhaD regulate pha genes on a transcriptional level. In C. necator, PhaR binds 124 

upstream of phaP and thereby represses its transcription. Additionally, PhaR is also associated to 125 

PHB granules  (York et al., 2002). PhaD, on the other hand, serves as an activator in P. putida. 126 

Contrary to a long-time belief, it was recently demonstrated that PHB granules do not contain 127 

phospholipids on their surface (Bresan et al., 2016).  128 

 129 

Physiological role of PHB in bacteria  130 

The ability to produce PHB is widespread among different organisms. A phylogenetic analysis 131 

found the presence of the phaC gene in organisms from 40 different genera and within a wide 132 

range of taxonomical groups, highlighting how abundant the ability to produce PHB is (Kalia et al., 133 
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2007). This also demonstrates, how different the organisms are, which produce PHB, indicating 134 

different physiological functions of PHB based on the environment of the individual organism.  135 

PHBs are in general considered as carbon and energy storage, which are built up in time periods 136 

of carbon excess and which provide advantages in times of carbon shortage (Anderson and Dawes, 137 

1990). This long-time belief still holds true for many bacteria, although more and more other 138 

physiological functions are recently discovered. Also, for some bacteria like cyanobacteria, no 139 

physiological relevance of PHB was yet discovered. The most important roles of PHB are described 140 

in the following.  141 

In many organisms, PHB accumulates under conditions of nutrient limitation or unbalanced 142 

conditions, such as nitrogen limitation (Anderson and Dawes, 1990). However, there are also 143 

bacteria, like C. necator, which do accumulate PHB even during normal growth and under 144 

balanced conditions (Jendrossek and Pfeiffer, 2014). Nevertheless, the amount of accumulated 145 

PHB is usually higher when grown under nutrient limitation.  146 

Another important aspect of PHB, besides serving as a storage polymer, is the ability to increase 147 

resistance against various kinds of stress. In Azospirillum brasilense for example, PHB deficient 148 

strains are more susceptible against abiotic stresses, such as UV irradiation, heat, desiccation, 149 

osmotic pressure and osmotic shock (Kadouri et al., 2003a). In Sinorhizobium strains, an induced 150 

PHB accumulation after exposure to high salt concentrations was observed (Arora et al., 2006). In 151 

Aeromonas hydrophila the production of a PHB-PHH copolymers results in increased resistance 152 

against a wide variety of abiotic stresses, including UV irradiation, hydrogen-peroxide, ethanol, 153 

heat and cold treatments and high osmotic pressure (Zhao et al., 2007). Interestingly, a study 154 

investigating Pseudomonas oleovorans showed that even the deletion of the PHA depolymyerase 155 

PhaZ was sufficient to  increase the sensitivity towards hydrogen-peroxide and heat shock (Ruiz 156 

et al., 2004). This demonstrates that the entire PHB metabolism, including its mobilization, is 157 

important for providing stress tolerance to the PHB producing cells, rather than the sheer 158 

presence of the polymer (Castro-Sowinski et al., 2009). PHB was furthermore shown to increase 159 

the number of viable cells by protecting C. necator cells against cold stress (Nowroth et al., 2016). 160 

Additionally, in Herbaspirillum seropedicae, studies demonstrated that PHB reduces intracellular 161 

redoxstress, potentially by eliminate a surplus of reducing equivalents and thereby serving as an 162 

electron sink (Batista et al., 2018). In a similar way PHB is used in Chromatium vinosum, although 163 

here it rather serves as an electron storage than a sink. This anoxygenic phototrophic bacterium 164 

converts glycogen to PHB under dark, anaerobic conditions. This provides the strain with the 165 

advantage over other fermenting organisms, which commonly secrete their fermentation 166 

products and thereby loose carbon (van Gemerden, 1968). Another example of the role of PHB 167 
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can be found in Bacillus cereus: this bacterium produces most PHB just before the formation of 168 

spores and degrades it after sporulation, indicating the importance of PHB for surviving their 169 

dormant state (Valappil et al., 2007, Castro-Sowinski et al., 2009). Several studies also found an 170 

interconnection between PHB production and the formation of EPS (exopolysaccharides). 171 

Sometimes a mutant with impaired PHB production resulted in a higher EPS production (Wang et 172 

al., 2008), while in other strains, a lower PHB production correlated with lower EPS production 173 

(Kadouri et al., 2003b).In the latter case, the authors suggest that the increased EPS production is 174 

attributable to the intracellular mobilization of carbon sources (PHB). 175 

Interestingly, PHB producing Azospirillum brasilense was able to endure long periods of 176 

starvation, but it also showed certain disadvantages compared to a PHB-free mutant, such as 177 

lower motility or impaired root adhesion and EPS production (Kadouri et al., 2002). This indicates 178 

that the ability to store PHB is not always an advantage, but has to be balanced based on the 179 

environmental conditions. In a similar manner, Sinorhizobium bacteria were shown to use a bet-180 

hedging strategy to produce offspring with higher or lower amounts of PHB. These offspring are 181 

better adapted for long or short period starvation, respectively (Ratcliff and Denison, 2010). 182 

Another interesting function of PHB could be the provision of nutrients to a microbial community 183 

(Prieto et al., 2016). When a PHB producer, which converts inorganic carbon to a condensed 184 

carbon polymer, is decomposed  for example by predatory bacteria, it releases its PHB granules to 185 

the environment (Jendrossek and Handrick, 2002). Thereby, the energy rich carbon polymer is 186 

made available to the microbial community. This fits well to the observation, that most identified 187 

PHA depolymerases are those, which function extracellularly (Prieto et al., 2016). It was also 188 

shown, that predatory Bdellovibrio cells have a growth advantage when they were preying on PHA 189 

producing cells compared to a PHB-free mutant (Martínez et al., 2013). This further highlights the 190 

importance of PHB for the bacterial environment.  191 

Additional physiological functions of PHB in bacteria are summarized and further described in 192 

recent reviews (Castro-Sowinski et al., 2009, Obruca et al., 2020). 193 

 194 

PHB in Cyanobacteria 195 

A large group of PHB producer are cyanobacteria. These bacteria grow photoautotrophically and 196 

are the only bacteria that perform oxygenic photosynthesis. This allows cyanobacteria to occupy 197 

almost all illuminated habitats. In a recent study, 137 different cyanobacterial strains were 198 

investigated for their ability to produce PHB. Out of these 137, 134 were PHB producers 199 
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(Kaewbai-Ngam et al., 2016). Interestingly, a phylogenetic analysis revealed, that the full set of 200 

functional phaABC genes appeared for the first time evolutionary in cyanobacteria, indicating its 201 

importance for cyanobacterial growth (Kalia et al., 2007). Although PHB appears to be very 202 

common in the phylum cyanobacteria, its physiological function is yet undiscovered. In recent 203 

years, several groups have tried to answer this question, for example by comparing a PHB-free 204 

ΔphaEC strain to a PHB-producing wildtype, the true function of PHB remains puzzling (Damrow 205 

et al., 2016, Koch et al., 2020a). Cyanobacteria produce PHB mostly under unbalanced growth 206 

conditions, for example when they are grown in a medium lacking either nitrogen, phosphate or 207 

potassium (Kaewbai-Ngam et al., 2016). Additional organic carbon sources, like acetate or 208 

fructose, can further increase the PHB production (Panda et al., 2006). PHB metabolism in 209 

cyanobacteria is best described during nitrogen starvation, which triggers a process called 210 

chlorosis (Koch et al., 2020a, Troschl et al., 2017). PHB slowly accumulates during the course of 211 

several weeks; depending on the cyanobacterial strain, up to 25 % PHB per cell-dry-weight can 212 

be accumulated (Kaewbai-Ngam et al., 2016). PHB is commonly stored in a few granules, which 213 

are located in the middle of the cell (Hauf et al., 2015). Compared to other PHB producers, only 214 

relatively little is known about the proteins, which are involved in PHB metabolism. Although 215 

recently two new proteins were found to play a role (the phasin PhaP as well as the regulator 216 

Slr0058) (Koch et al., 2020b, Hauf et al., 2015), more proteins, like for example PHB degrading 217 

enzymes, are to be discovered. Most studies were performed in the strain Synechocystis sp. PCC 218 

6803 (hereafter Synechocystis), which serves as a well characterized model strain for 219 

cyanobacterial metabolism. In the following, the latest discoveries and hints towards PHB’s 220 

physiological role are summarized.  221 

The role of PHB during nutrient limitation 222 

Cyanobacteria are known for producing a variety of different storage compounds, such as 223 

glycogen, cyanophycin or polyphosphate. In contrast to the unknown function of PHB, the 224 

polymers glycogen and cyanophycin can clearly be linked to carbon and nitrogen storage 225 

metabolism, respectively (Doello et al., 2018, Watzer and Forchhammer, 2018). As previous 226 

studies have shown, glycogen is the main carbon- and energy storage compound under conditions 227 

of nutrient limitation (Doello et al., 2018, Klotz et al., 2016) and its biosynthetic genes were found 228 

in all cyanobacterial genomes (Beck et al., 2012). It is remarkable that cyanobacteria produce two 229 

different carbon polymers, since most other microorganisms produce just one. This clearly 230 

indicates that the two carbon-polymers have different functions. Glycogen synthesis is extremely 231 

dynamic and is immediately induced when cells experience nitrogen-limitation. Since glycogen 232 

synthesis mutants are unable to survive nitrogen chlorosis, glycogen metabolism appears to be 233 
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pivotal for the acclimation to nitrogen deprivation (Klotz and Forchhammer, 2017, Doello et al., 234 

2018). Mutants that are deficient in the major glycogen-degrading phosphorylase GlgP2 do not 235 

accumulate PHB during chlorosis. From these analysis, it could be concluded that glycogen is 236 

slowly degraded and converted into PHB during prolonged nitrogen starvation (Koch et al., 2019). 237 

The cyanobacterium Synechocystis PCC 6803 operates at least three parallel metabolic routes to 238 

degrade glycogen: the oxidative pentose phopshoate pathway (OPP), the Entner Doudoroff 239 

pathway (ED) and the Emden-Meyerhof-Parnas pathway (EMP) (Chen et al., 2016). Analysis of 240 

mutants, in which one or two of these pathways were disrupted showed that only the EMP 241 

pathway efficiently converts glycogen into PHB (Koch et al., 2019). The ED and the OPP pathway 242 

contributed to a much lesser degree to the PHB formation. This effect was even more pronounced 243 

when the cells were cultivated under light/dark regime (Koch et al., 2020a). Although 244 

Synechocystis normally accumulates more PHB under this condition, a mutant, which is unable to 245 

use the EMP pathway, produces almost no PHB. In contrast, the WT and a mutant unable to use 246 

neither the ED nor the OPP pathway (Δzwf), produced ~15 % PHB / CDW.  247 

A final glycolytic product of all three pathways is acetyl-CoA. The latter serves as the precursor 248 

for the subsequent PHB synthesis, while the formation of glycogen requires phosphorylated 249 

glucose residues. This further suggests a role of glycogen as a quick-response energy and carbon 250 

storage, since glucose-1P can directly be metabolized via any of the three pathways (ED, OPP, 251 

EMP) to provide energy for the cells anabolism. In contrast, acetyl-CoA rather serves as a building 252 

block for various anabolic reactions (e.g. in lipid metabolism) and anaplerotic reactions related to 253 

the TCA cycle. While glycogen quickly accumulates or degrades within just two days at the 254 

beginning or end of nitrogen chlorosis, respectively, the formation of PHB takes much longer, 255 

lasting for several weeks after the induction of nitrogen starvation (Koch et al., 2020b). 256 

Remarkable differences between PHB and glycogen are that glycogen shows a higher solubility in 257 

water than PHB, and that PHB forms much larger granules than glycogen. In contrast, glycogen 258 

shows a more complex branching pattern, making it potentially able to be sterically more 259 

condensed. It was already hypothesized, that the relatively small glycogen granules could serve 260 

as a quick-response carbon storage, due their easier accessibility based on a larger surface to 261 

volume ratio, whereas the large PHB granules could instead form a long-term storage. However, 262 

under conditions of nitrogen limitation, no physiological differences were ever discovered 263 

between wildtype and a PHB-free ΔphaEC mutant strain (Damrow et al., 2016, Klotz et al., 2016). 264 

To test whether PHB can play a role in stress resistance, a recent study applied more than 30 265 

different stresses to nitrogen starved Synechocystis cells, including all of those stresses, which are 266 

known for being relevant in other PHB producing bacteria (Koch et al., 2020a). However, in none 267 
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of the tested conditions, the ability to produce PHB gave the wildtype cells a growth advantage 268 

compare to a ΔphaEC mutant. 269 

To better understand the metabolic role of PHB in Synechocystis, a recent study attempted to 270 

identify the so far unknown PHB depolymerase (Koch et al., 2020b). Sequence homology analysis 271 

indicated that the gene slr0060 encodes for a putative esterase with a patatin-like domain, which 272 

is typical for intracellular PHB depolymerases. The respective deletion mutant Δslr0060 mutant 273 

produced slightly less PHB than a WT control but showed no further distinctive phenotype. 274 

Interestingly the same study revealed that when nitrogen was added to chlorotic cells to induce 275 

resuscitation to vegetatively growing cells, no net degradation of PHB in the cyanobacterial 276 

culture took place: The overall amount of PHB within a culture remained constant for several days 277 

(Koch et al., 2020b). Only through cell growth and division, the PHB level per cell decreased 278 

gradually.  However, fluorescence-microscopic analysis investigating Nile red-stained PHB 279 

revealed that the granules disaggregated and were spread among diving daughter cells. The 280 

physiological function of this behaviour and why PHB does not get actively metabolized has yet to 281 

be explained. Possibly cultivation at laboratory conditions did not trigger the degradation of PHB 282 

and the required environmental conditions, which initiate PHB catabolism are still to be found. 283 

Therefore, to date it remains open whether cyanobacteria contain an intracellular PHB 284 

depolymerase as described for many other bacteria.  285 

Potential role of PHB in controlling the redox state  286 

Besides conditions of nutrient limitation, glycogen is the essential energy and carbon storage 287 

during dark phases, where no photosynthesis can take place. Excess of energy gets stored in the 288 

form of glycogen during the day, while during the night, it releases its energy and carbon to sustain 289 

the cyanobacterial metabolism. Although no studies so far have shown a PHB accumulation during 290 

conditions of balanced growth, there are several indicators that PHB might play a role during dark 291 

phases. Transcriptomic data from several studies have shown very clearly, that all PHB related 292 

genes are strongly upregulated at the beginning of the night and downregulated during the day 293 

(Saha et al., 2016, Kucho et al., 2005). It was furthermore shown, that PHB related genes are 294 

strictly controlled by the circadian clock (Köbler et al., 2018). Interestingly, the transcripts for 295 

PHB synthesis are countercyclically regulated to those of the glycogen metabolism. While the 296 

transcripts for glycogen synthesis are upregulated during the beginning of the day and 297 

downregulated during the beginning of the night, the PHB synthesizing genes are regulated in the 298 

exact opposite. This hints towards a conversion of both metabolites into each other, as it was 299 

already shown during nitrogen starvation (Koch et al., 2019). However, also during the night, a 300 

PHB free mutant shows no growth phenotype, while the growth of glycogen free mutants is 301 
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severely impaired (Damrow et al., 2016). Furthermore, under conditions of nitrogen limitation, 302 

growth at a dark/light regime increased the overall PHB accumulation in Synechocystis cells 303 

compared to growth at continuous light (Koch et al., 2020a). This further highlights the relevance 304 

of dark phases for the formation of PHB.  305 

Fitting to these observations, PHB was already in the past considered to play a role as a potential 306 

electron sink, whereby PHB could store excess of electrons, since the formation of one PHB 307 

subunit requires one NADPH (De Philippis et al., 1992). This hypothesis, that PHB formation in 308 

cyanobacteria is involved in redox homeostasis, was further corroborated in studies by 309 

Schlebusch and Forchhammer (2010) and Hauf et al., (2013). A Synechocystis mutant, unable to 310 

accumulate PHB during nitrogen starvation was characterized in detail (Schlebusch and 311 

Forchhammer, 2010). In this mutant, the gene sll0783, which belongs to the most strongly induced 312 

genes during nitrogen starvation, was knocked out. This gene is the first gene of the Nit1C operon, 313 

a highly conversed gene cluster present in cyanobacteria and many other bacterial species 314 

(including proteobacteria and actinobacteria), enabling the utilization of cyanide (Jones et al., 315 

2018). Many heterotrophic bacteria possessing this gene cluster are able to produce PHB and to 316 

fix nitrogen. Since the entire operon was highly upregulated in Synechocystis during nitrogen 317 

starvation, a role during nitrogen-chlorosis was suspected. Further analysis revealed, that the 318 

Δsll0783 mutant showed a strong decrease in its PHB synthase activity (Schlebusch and 319 

Forchhammer, 2010). Induction of expression of the PHB synthesis genes (phaAB and phaEC) was 320 

delayed as compared to the WT. However, in contrast to the expression of the phaCE genes, the 321 

activity of PHB synthase decayed in the mutant following an initial transient increase. 322 

Interestingly, the Δsll0783 mutant showed an impairment in its recovery from nitrogen starvation, 323 

which implied that that this could be due to decreased amounts of PHB in the sll0783 mutant. 324 

However, subsequent work showed that the ability to produce PHB per se is not relevant for 325 

resuscitation from nitrogen starvation (Klotz et al., 2016, Koch et al., 2020a). The inability of the 326 

Δsll0783 mutant to sustain PHB synthesis could finally be attributed to the redox-state of the cells: 327 

during nitrogen-starvation, the NADPH/NADP+ ratio steadily increased in wild-type cells, 328 

whereas in the Δsll0783 mutant it remained constant. Treatment of the mutant cells with the 329 

protonophore CCCP or the ATPase inhibitor DCCD restored PHB synthase activity and PHB 330 

synthesis due to a compensatory increase in the NADPH/NADP+ ratio (Hauf et al., 2013). 331 

Inhibition in ATP synthesis arrests anabolic reactions that consume NADPH. This highlights that 332 

the increased levels of NADPH trigger synthesis of PHB. In conclusion, these data suggested that 333 

PHB serves as a storage pool for excess reduction equivalents.  334 
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Hence, the formation of PHB would be particularly beneficial whenever a surplus of NADPH 335 

cannot be metabolized, for example because respiration is not possible and anaerobic processes 336 

are required. In this scenario, PHB would serve as an intracellular electron sink with the 337 

advantage to sustain all intracellular carbon, instead of secreting it like other fermentation 338 

products, such as acetate. As recent studies have shown, the Embden-Meyerhof-Parnas (EMP) 339 

pathway plays the central role for the formation of PHB (Koch et al., 2019, Koch et al., 2020a).  The 340 

EMP pathway produces a relatively low NADPH/ATP ratio compared to other glycolytic routes, 341 

such as the OPP (oxidative-pentose-phosphate pathway) or ED (Entner-Doudoroff) pathway. This 342 

is advantageous under conditions of NADPH excess, such as anaerobic growth. A previous study 343 

has shown that the EMP pathway is also the most relevant during fermentation processes (Stal 344 

and Moezelaar, 1997).  345 

Another role of PHB could be a storage to prevent intracellular acidification: it was shown that a 346 

PHB free Cupriavidus necator secretes pyruvate into its medium (Raberg et al., 2014). This fits to 347 

a previous observation, where Synechocystis mutants unable to synthesize glycogen secrete 348 

pyruvate and 2-oxoglutarate under conditions of carbon excess such as growth with addition 349 

glucose or nitrogen starvation (Grundel et al., 2012). Here the authors argue that it is extremely 350 

important for the cells to have a carbon sink to control their carbon homeostasis or to avoid 351 

energy spilling. Potentially PHB could here serve as an additional buffer for storing excess carbon, 352 

particularly because it is metabolically closer to pyruvate than glycogen. However, in contrast to 353 

the glycogen-deficient mutants, no studies have so far analyzed secreted organic acids in the 354 

supernatant of a PHB-free mutant. To further investigate this, future studies should investigate 355 

secreted metabolites under different growth conditions in a ΔphaEC mutant and compare it to a 356 

WT.  357 

Cell Biology of PHB in cyanobacteria 358 

The synthesis of PHB granules is tightly controlled. Based on sequence-homology to other PHB 359 

producing bacteria, several genes were identified, which encode for proteins that are putatively 360 

involved in the PHB metabolism. One of those genes is slr0058, which encodes for a protein that 361 

shows similarity to PhaF from P. putida (Koch et al., 2020b). A Δslr0058 mutant produces small 362 

amounts of PHB during vegetative growth (unlike the WT) and shows a growth deficiency 363 

compared to the WT. This growth deficiency was clearly coupled to the presence of PHB, since a 364 

variant of the slr0058 mutant, which was unable to produce PHB (Δslr0058-ΔphaEC), was 365 

recovering the initial phenotype. These results show that it is important for Synechocystis to 366 

ensure a tightly controlled PHB metabolism. The protein Slr0058 was furthermore shown to 367 

regulate the amount of PHB granules within the cell. While a WT possesses around 3 granules per 368 
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cell in average, the Δslr0058 mutant contained about twice as many. If a cell contains more 369 

granules, which are also smaller, the surface area of those is higher compared to fewer but larger 370 

granules. Hence, it can be hypothesized that a Δslr0058 mutant suffers from unintended 371 

interactions between the PHB surface and the cell’s interior. How and why this negatively affects 372 

the cell growth has yet to be elucidated. Cell localization using fluorescent protein-tagged Slr0058 373 

showed that it aggregated in distinct foci during vegetative growth and these foci dispersed during 374 

the course of chlorosis. This led to the hypothesis that Slr0058 could act as an initial aggregation 375 

point for the PHB synthase PhaEC to initiate PHB synthesis and dissociates from maturating PHB 376 

granules. 377 

Another protein which was shown to regulate the number and size of PHB granules is PhaP 378 

(Ssl2501) (Hauf et al., 2015). Fluorescence microscopy showed that PhaP is directly located at the 379 

surface of PHB granules and hence considered a classical phasin. A PhaP deletion mutant showed 380 

half as many PHB granules as the WT. At the same time, the granules in the ΔphaP strain were 381 

larger than in the WT. The discovery of PhaP and Slr0058 shows, that the formation and 382 

maintenance of PHB granules in Synechocystis is tightly regulated. Decreased viability, for example 383 

in a Δslr0058 mutant strain, underlines the importance of this regulation. A summery of the 384 

current understanding of the PHB metabolism in Synechocystis is shown in Fig. 4. 385 

 386 

 387 

Fig. 4. Schematic overview of the current view of PHB metabolism in Synechocystis. After the induction of nitrogen 388 

starvation, cells fix anorganic CO2 and store it in the form of glycogen. Throughout the course of chlorosis, glycogen is 389 

catabolized, mainly via the EMP pathway, to form acetyl-CoA, the building block of PHB. Next, PhaA and PhaB convert 390 

acetyl-CoA subunits to 3-hydroxybutyryl-CoA under the expense of one molecule NADPH, which gets oxidized to NADP+. 391 

Slr0058 initiates the formation of PHB granules and detaches as the PHB granules mature. The elongation of 3-392 
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hydroxybutyryl-CoA to the polymer PHB is catalysed by the enzyme PhaEC, while PhaP shields the surface of the PHB 393 

granule.   394 

Interestingly, in a nitrogen-starved Synechocystis population, the distribution of PHB granules 395 

among the cells is quite heterogenous. A study addressing this apparent phenotypic heterogeneity 396 

showed that while a large population of cells contained only small- to medium amounts of PHB, a 397 

few cells accumulated larger quantities (Koch et al., 2020a). This indicates that the formation of 398 

PHB is not always beneficial, but rather a bet-hedging strategy of the cells to be prepared for 399 

different potential outcomes (Ratcliff and Denison, 2010). This highlights that the ability to 400 

possess PHB might be relevant under only very specific scenarios, hence making the physiological 401 

function hard to discover under laboratory conditions.  402 

    403 

Fig. 5. Microscopic analysis of heterogeneity of PHB contents in WT cells. (A) Fluorescence microscopy of WT cells 404 

which were incubated for 14 days in nitrogen-free medium. Nile-red was used to visualize the PHB granules. (B) TEM 405 

picture of WT cells which were incubated for 17 days in nitrogen-free medium. Red asterisks indicate representative 406 

PHB granules in two different cells by. Figure modified from Koch et al., 2020. 407 

Although several studies have tried to discover the conditions, where the ability of certain 408 

cyanobacteria to produce PHB is advantageous for the cells, no clear answer can so far be 409 

provided. To test whether PHB can play a role in stress resistance, a recent study applied more 410 

than 30 different stresses to nitrogen starved Synechocystis cells, including all of those stresses, 411 

which are known for being relevant in other PHB producing bacteria (Koch et al., 2020a). 412 

However, in none of the tested conditions, the ability to produce PHB gave the wildtype cells a 413 

growth advantage compare to a ΔphaEC mutant. Nevertheless, the fact that so many 414 

cyanobacterial species produce PHB in a highly regulated way indicates that PHB fulfils an 415 

important physiological function and provides an evolutionary advantage to cyanobacteria when 416 
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grown in their natural environment. These conditions could include, for example, the complex 417 

interactions with other microbes, which are difficult to mimic under laboratory conditions.  418 

 419 

Conclusion and outlook 420 

Despite the simple chemical structure of PHB, its granules are highly complex pseudo-organelles, 421 

with various different proteins involved in maintaining the correct function. Depending on the 422 

organism, PHB can serve numerous roles, from storage molecule to stress resistance and many 423 

more. Although the physiological function in cyanobacteria remain puzzling, the field of research 424 

is constantly expanding, thereby gaining deeper insights into its role. One of the most promising 425 

hypothesis is the role of PHB for the regulation of the intracellular redox balance. As an implication 426 

for biotechnological approaches this implies that when increased amounts of PHB are desired, 427 

cultivation conditions which favour high levels of reduction equivalents should be considered. 428 

Still, fundamental questions, such as a yet undiscovered PHB depolymerase, remain. Since 429 

cyanobacteria grow photoautotrophically, they could serve as a chassis for a carbon neutral, 430 

sustainable production of PHB. Further research in this field will hence be not only beneficial for 431 

basic research but may also provide knowledge of industrial relevance.  432 

 433 

 434 

  435 
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Figure Legends 

Fig. 6. General structure of PHA. Depending on the side chain R, several different types of PHA are formed. In the case 

of PHB, the side chain corresponds to a methyl group.The monomeric units (n) of PHAs are linked via an ester bond 

between the hydroxy- and the carboxyl groups, forming the respective PHA.   
Fig. 7. PHB synthesis pathway. Two units of acetyl-CoA are condensated to acetoacetyl-CoA via PhaA. Next, PhaB reduces 

it to 3-hydroxybutyryl-CoA. The latter serves as a monomer which gets polymerized to PHB by PhaC. 

Fig. 8. PHA metabolism and different metabolic pathways (Koch and Forchhammer, 2020). Important enzymes are 

highlighted in red. Not shown is the PHA depolymerization, which is utilized by PhaZ. 

Fig. 9. Schematic overview of the current view of PHB metabolism in Synechocystis. After the induction of nitrogen 

starvation, cells fix anorganic CO2 and store it in the form of glycogen. Throughout the course of chlorosis, glycogen is 

catabolized, mainly via the EMP pathway, to form acetyl-CoA, the building block of PHB. Next, PhaA and PhaB convert 

acetyl-CoA subunits to 3-hydroxybutyryl-CoA under the expense of one molecule NADPH, which gets oxidized to NADP+. 

Slr0058 initiates the formation of PHB granules and detaches as the PHB granules mature. The elongation of 3-

hydroxybutyryl-CoA to the polymer PHB is catalysed by the enzyme PhaEC, while PhaP shields the surface of the PHB 

granule.   

Fig. 10. Microscopic analysis of varying PHB contents in WT cells. (A) Fluorescence microscopy of WT cells after 14 days 

of nitrogen starvation. PHB granules are visualized by staining with Nile red. (B) TEM picture of WT cells after 17 days 

of nitrogen starvation. Representative PHB granules are indicated in two different cells by a red asterisks. Figure 

modified from (Koch et al., 2020a). 
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