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I. Zusammenfassung 
 

Bakterielle Dormanz ist einer der am weitesten verbreiteten Überlebensmechanismen. 

Sie reicht von einer kurzen Phase, wie dem Nachtschlaf, bis hin zu einer langfristigen 

Phase, wie der Sporenbildung. Parallel zum streng regulierten Eintritt in die Dormanz 

ist ein ebenso regulierter Wiedererweckungsprozess, wie die Keimung, erforderlich. 

Cyanobakterien, eines der ursprünglichsten und am weitesten verbreiteten bakteriellen 

Phyla, nutzen Dormanz ebenfalls, um unterschiedliche Stresssituationen zu 

überstehen. Ein Mitglied dieses Phylum, Synechocystis sp. PCC 6803, ist nicht in der 

Lage, Stickstoff zu fixieren und reagiert auf den Mangel an kombinierten 

Stickstoffquellen mit metabolischer Ruhe. Dieser gut strukturierte Prozess führt zum 

Abbau von Phycobilisomen und Thylakoidmembranen, zur Ansammlung von 

Glykogen, zur Proteinsynthese als Vorbereitung auf das Erwachen und zur 

Verringerung der Energie, sodass die Zellen längere Hungerperioden überleben 

können. Um in Gegenwart von kombiniertem Stickstoff wieder zu erwachen, wird 

Glykogen abgebaut, um den Zellstoffwechsel wieder aufzubauen. In dieser Arbeit 

untersuchten wir die Bedeutung von Natrium und c-di-AMP bei der Regulierung des 

Eintritts in und des Austritts aus dem Ruhezustand. 

Vegetative Zellen erzeugen ihre Energie mithilfe eines durch Photosynthese 

erzeugten, elektrochemischen H+-Gradienten an den Thylakoidmembranen. Ruhende 

Zellen verfügen nur über eine reduzierte Menge an Thylakoidmembranen, was die 

Fähigkeit zur Energiegewinnung verringert. In dieser Arbeit beschreiben wir den 

elektrochemischen Na+-Gradienten an der Cytoplasmamembran, der die 

Energiesynthese sicherstellt. Während der Wiederbelebung wird Natrium dann für die 

pH-Kontrolle und die Abschwächung von osmotischem Stress benötigt. 

Der Sekundärbotenstoff c-di-AMP beeinflusst in Cyanobakterien die Nachtruhe und die 

Reaktion auf osmotischen Stress. Diese Studie ergab, dass der Einfluss von c-di-AMP 

auf die Glykogensynthese ein entscheidender Faktor für das nächtliche Überleben ist. 

Darüber hinaus ist c-di-AMP auch für die durch Stickstoffmangel induzierte Dormanz 

wichtig. Die beobachteten Auswirkungen sind global und beeinflussen erneut die 

Glykogenakkumulation, wenn auch über einen anderen Mechanismus als für die 

Nachtruhe. Die zugrundeliegenden Mechanismen und Anforderungen an c-di-AMP für 

die metabolische Dormanz sind Gegenstand weiterer Forschung.  
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II. Summary 
 

Bacterial dormancy is one of the most widespread survival mechanisms, ranging from 

short, like nocturnal sleep, to long term, like spores. Concomitant to a tightly regulated 

entry into dormancy, a just as regulated resuscitation process, like germination, is 

necessary. Dormancy is a ubiquitous response also present in the ubiquitous phylum 

of cyanobacteria. One member thereof, Synechocystis sp. PCC 6803, is unable to fix 

nitrogen and responds to deprivation of combined nitrogen sources with metabolic 

quiescence. This well-structured process leads to a degradation of phycobilisomes and 

thylakoid membranes, accumulation of glycogen, protein synthesis in preparation for 

recovery and reduction of energy, enabling cells to survive prolonged periods of 

starvation. To resuscitate in presence of combined nitrogen, glycogen is degraded to 

fuel re-establishment of the cell metabolism. In this work, we studied the significance 

of sodium and c-di-AMP in regulation of entry into and exit out of metabolic dormancy. 

Vegetative cells produce their energy through a photosynthesis-based, 

electrochemical H+ gradient at the thylakoid membranes. Dormant cells only keep 

reduced amounts of thylakoid membranes, reducing the capability of energy 

production. In this study, we describe the electrochemical Na+ gradient established on 

the cytoplasmic membrane, which secures energy synthesis. During resuscitation, 

sodium is then required for pH control and mitigation of osmotic stress.  

The second messenger c-di-AMP has been previously reported to influence night-time 

survival and osmotic stress response in cyanobacteria. This study revealed the 

influence of c-di-AMP on glycogen synthesis to be the pivotal factor in night-time 

survival. Furthermore, c-di-AMP is also essential for nitrogen starvation induced 

dormancy. The observed effects are global, once more influencing the accumulation of 

glycogen, though through a different mechanism than in diurnal rhythm. the underlying 

mechanisms and requirements for c-di-AMP in dormancy are subject of ongoing 

research. 
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IV. Introduction 
 

1. Cyanobacteria 

Cyanobacteria are one of the most primordial groups of bacteria known today [1]. They 

are gram negative and evolved oxygenic photosynthesis, giving them a unique niche 

in the primordial biosphere and giving rise to the great oxidation event [2,3]. This 

highlights the role of cyanobacteria in the foundation of modern life. Photosynthesis 

enabled cyanobacteria to settle all over the planet, from the phototrophic layer of the 

ocean to arctic and arid deserts [4–6]. The ability to inhabit almost all illuminated 

habitats gave rise to the radiation of cyanobacteria, resulting in unprecedented 

morphological diversity of cyanobacteria. Based on their appearance, they have been 

classified into five sections [7]. Sections I and II are unicellular, with members of section 

I dividing by binary fission, like Synechocystis sp. PCC 6803 or Synechococcus 

elongatus PCC 7942, while members of section II, like Pleurocapsa sp., perform 

reductive division in baeocytes [8], large gelatinous membranes which bloat with cells 

until they rupture. Section III to V are filamentous [7], with section III lacking and section 

IV and V having developed cell differentiation [9], making members of section IV and 

V multicellular organisms. Typical specialised cells are heterocysts, to fix nitrogen from 

the surrounding air [7,10], akinetes, spore-like cells to endure environmental stress 

[7,10,11], and hormogonia, short motile filaments to spread and colonise new areas 

[7,10]. Section IV, like Anabaena variabilis ATCC 29413, grow in one plane, while 

members of Section V, like Nostoc punctiforme, can branch out and grow in multiple 

planes [7]. A major distinction to be made is whether the culture is diazotrophic (gr. di 

= two, azo = nitrogen, troph = pertaining to food or nourishment) or not. Diazotrophs 

synthesise the enzyme nitrogenase to fix nitrogen from the surrounding air [12], but 

the enzyme is oxygen-sensitive and requires special protection, especially in 

photosynthetic organisms. Unicellular and some filamentous cyanobacteria protect the 

nitrogenase by temporal separation of nitrogen fixation and photosynthetic activity [13], 

evolving oxygen in the day and fixing nitrogen in the night. Filamentous diazotrophic 

cyanobacteria of sections IV and V perform spatial separation, fixing nitrogen using 

heterocysts and performing oxygenic photosynthesis in vegetative cells [14]. Non-

diazotrophs, on the other hand, are dependent on fixed nitrogen sources like nitrate, 

ammonium and urea [15]. 
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1.1. Synechocystis sp. PCC 6803 

Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a section I cyanobacterium. 

It has been isolated in 1968 from a freshwater lake in Berkeley, CA, USA [16]. It gained 

a status as model organism because it was the first completely sequenced 

phototrophic organism and it is naturally competent, being able to import exogenous 

DNA [17]. This enabled the development of different mutagenic tools, yielding 

Synechocystis mutant strains with relative ease. Many cyanobacterial species are 

obligate phototrophs, but Synechocystis is able to survive mixotrophically [18]. Though 

it was found in a freshwater lake, it is also able to survive in brackish water [19], 

indicating the ability to survive in a rapidly changing saline environment. Synechocystis 

is a non-diazotrophic strain, dependent on fixed nitrogen sources. Nitrogen is a 

macronutrient in high demand, thus, Synechocystis developed an adaptation process 

to nitrogen starvation by turning metabolically quiescent [15,20,21]. These properties 

of Synechocystis made it a promising target to investigate photosynthesis, CO2 

fixation, bacterial dormancy and persistence. It is also of interest to biotechnology, due 

to its ease in genetic engineering and because Synechocystis produces different types 

of carbon polymers from CO2, namely glycogen [20,22] polyhydroxybutyrate (PHB) 

[23]. The different aspects of metabolism and stress responses of Synechocystis will 

be explained in more detail in the following chapters. 

1.2. 1.2 Carbon Metabolism of Synechocystis 

Synechocystis is able to assimilate most of the required carbon in the form of CO2 or 

bicarbonate (HCO3
-) [24]. Using the energy and reduction equivalents produced in the 

photosynthetic light-reaction, these carbon sources are fixed by the following dark 

reaction. Excess fixed carbohydrates can be stored in different polymers, as mentioned 

above. 

1.3. Carbon assimilation 

Carbon fixation is a major part of phototrophic life, as the so-called dark reaction of 

photosynthesis is solely committed to it. The reactions thereof are mostly found in the 

Calvin-Benson-Basham (CBB) cycle. The key member of the CBB is the enzyme 

ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) which carboxylates 

ribulose-1,5-phosphate to glycerate-3-phosphate (3PG) or, in the presence of O2, 

forms the toxic glycolate-2-phosphate (G2P) [25]. 3PG can be immediately 

incorporated into the cell metabolism while G2P needs to be converted first through 

photorespiration [26]. Thus, the carboxylase reaction is preferable for cells and to 
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ensure it consistently, cyanobacteria evolved the carbon concentrating mechanism 

(CCM) [27,28]. Carbon import can happen through diffusion in the case of CO2 or 

through active import. Synechocystis contains several inorganic carbon (Ci) uptake 

systems. The bulk of HCO3
- import is done by SbtA and BicA, Na+/HCO3

- symporters 

[24,29,30], while the high affinity BCT1 system is only expressed under carbon 

limitation [31]. Inside the cell, CO2 is converted to HCO3
- by the thylakoid membrane 

bound NDH-1 complex and then enters the carboxysome, a special microcompartment 

encapsulating the RuBisCo [28]. There, carbonic anhydrases convert it to CO2 which 

will then be used by the RuBisCO in its carboxylase reaction to produce 3PG [25]. 3PG 

is then exported into the cytoplasm. There the majority of 3PG is used to regenerate 

ribulose-1,3-bisphosphate while small amounts can be either processed by 

phosphoglycerate mutase (PGAM) to reach the Krebs cycle or be used in 

gluconeogenesis and further, to produce the carbon storage polymer glycogen [32]. 
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Figure 1: schematic overview of carbon fixation in Synechocystis. 

1.4. Carbon sensing signal transduction Protein SbtB 

Genetically co-localised to sbtA is the slr1513 gene in the same transcriptional unit. 

Due to the proximity to sbtA, the encoded protein was termed SbtB. Structural analysis 

identified it as a PII-like protein, similar in structure and also forming homo-trimers, and 

biochemical studies revealed interaction with adenosine monophosphate (AMP), 

adenosine diphosphate (ADP), adenosine triphosphate (ATP) and cyclic AMP (cAMP). 
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The binding of cAMP allows SbtB to sense the carbon levels and regulate SbtA activity 

accordingly [33]. 

1.5. Carbon Storage 

In excess of carbon, Synechocystis will diverge fructose-6-phosphate from the CBB for 

gluconeogenesis, transform it to glucose-1-phosphate using the phosphoglucomutase 

PGM [34] and synthesises glycogen thereof [32]. The first step is the reaction of 

glucose-1-phosphate and ATP to pyrophosphate and ADP-Glucose catalysed by the 

glucose-1-phosphate adenylyltransferase GlgC [35]. These are then chained together 

by the glycogen synthase isoforms GlgA1 and GlgA2, forming long α (1-4) glucan 

chains. These are subsequently branched by the glycogen branching enzyme GlgB. 

GlgB will cleave a growing α (1-4) glucan chain and attach it at the 1-6 position via an 

α bond. The new branch can then be built upon by GlgA1/2 [36]. 

When glycogen is degraded, it starts with the activity of the glycogen phosphorylases 

GlgP1 and GlgP2 cleaving off glucose-1-phosphate molecules until only 3 – 6 remain 

in the glucan chain. Then, the glycogen debranching enzymes, GlgX1/2 cut the branch 

of at the α (1-6) glycosidic bond and transform the remaining small chain into several 

molecules of glucose-1-phosphate. Glucose-1-phosphate will then be transformed to 

glucose-6-phosphate by the PGM and thus made available for the different degradation 

pathways found in Synechocystis [22]. 

1.6. Carbon Catabolism 

The degradation of glucose is generally regarded to start with glucose-6-phosphate. 

When glucose is imported from the environment, it is phosphorylated to remove it from 

the concentration gradient and the three glycolytic pathways of Synechocystis start 

with glucose-6-phosphate [32]. All three produce energy and reduction equivalents and 

combine at glyceraldehyde-3-phosphate into the uniform, lower glycolysis. The 

Embden-Meyerhoff-Parnas (EMP) pathway produces the most ATP of the three 

pathways and recovers NADH++H+, but does not provide pentose sugars, central 

carbon structures in cellular metabolism. 

The Entner-Duodoroff (ED) pathway, produces lesser energy levels, but requires less 

proteins and is independent of the CBB cycle, which shares enzymes with the EMP 

and the oxidative pentose phosphate (OPP) pathway. The OPP produces ribulose-5-

phosphate, a precursor to ribulose-1,5-bisphosphate, which is required for CO2 

fixation. Additionally, the OPP generates NADPH and pentose sugars, required for 
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DNA synthesis [32]. All three pathways congregate at glyceraldehyde-3-phosphate, 

finishing the upper glycolysis involving 6-carbon sugars, and transitioning to the lower 

glycolysis, involving 3-carbon sugars.  

Lower glycolysis will generate further ATP and reduction equivalents, as well as, 

phosphoenolpyruvate (PEP) and acetyl-CoA, which then can be fed into the 

tricarboxylic acid cycle (TCA), also known as Krebs cycle, via the PEP carboxylase 

PepC or the citrate synthase GltA. The TCA cycle then yields reduction equivalents 

and precursors for amino acid synthesis and the carbon status sensor metabolite 2-

oxoglutarate (2-OG) [32]. 

2. Energy metabolism of Synechocystis 

ATP is the universal energy carrier. Synechocystis is a facultative mixotroph, being 

able to grow mostly photoautotrophically but also able to import and use sugars from 

the environment. Due to the absence of photosynthesis in the dark, cyanobacteria 

depend on respiration when deprived of light. The adaption to the daily night-time 

survival caused them to generate the first diurnal rhythm of nature. Interestingly, in 

most cyanobacteria, the proteins used in the electron transport chain of photosynthesis 

can also be used for respiration [38]. 

2.1. Oxygenic photosynthesis 

Oxygenic photosynthesis evolved in cyanobacteria and later gave rise to the entire 

plant kingdom, according to the endosymbiotic theory [39]. It can be divided into the 

light, oxygen evolving reaction and the dark, CO2 fixing reaction, which was described 

above. The light reaction begins by harvesting of light energy in the phycobilisomes 

(PBS). PBS are membrane attached protein complexes with a hemidiscoidal, 

tricylindrical core of allophycocyanin and six peripheral rods of allophycocyanin, 

phycocyanin, phycoerythrin or phycoerythrocyanin [40]. The energy is then transferred 

to P680 in the reaction centre of photosystem 2 (PSII), exciting an electron to a higher 

energy level [41]. The excited electron will be transferred to plastoquinone (PQ), 

reducing it to plastosemiquinone and with a second electron to plastoquinole (PQH2) 

[42]. To return to the reduced state, the oxidised P680 then oxidises a nearby tyrosine, 

which consequently takes an electron from the manganese cluster of the oxygen 

evolving complex. This complex will regain its electrons, after 4 cylces, by splitting 2 

water molecules into di-oxygen gas (O2) and 4 protons (H+). Meanwhile, 2 PQH2 

transfer 4 electrons into the cytochrome-b6f complex. The Q cycle, a number of redox 
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reactions, pumps 4 protons into the thylakoid lumen, 2 electrons are allocated to 

plastocyanin or the cytochrome c6 and one PQH2 is restored [43]. In most 

cyanobacteria, including Synechocystis, plastocyanin is the main redox carrier, which 

will then reduce an oxidised photosystem I (PSI). Cytochrome c6 is only expressed in 

a low copper environment. The transferred electron will substitute one in the P700 of 

PSI and will be transferred to ferredoxin via an iron-sulfur cluster. Lastly, the electron 

will be transferred from ferredoxin to NADP+ by the ferredoxin-NADP+ reductase. In 

total, two electrons are required to generate NADPH, a major reduction equivalent in 

Synechocystis with a large role in carbon fixation [41–43]. Overall, through the electron 

transport chain in oxygenic photosynthesis, one water molecule is split, one molecule 

of NADPH produced, and 6 protons are translocated, which can then be used for ATP 

synthesis. 

Synechocystis is also able to perform cyclic electron flow around the PSI. One of the 

NADPH dehydrogenase complexes, NDH-1 or NDH-2, accepts electrons from the 

reduced ferredoxin, channelling them into the PQ pool, generating new PQH2. These 

will then transfer available electrons to the PSI, completing a cyclic electron flow 

[44,45]. 

2.2. Respiration 

Cyanobacterial respiration shares several structures with the photosynthetic electron 

transport chain, namely the PQ pool, the cytochrome b6f complex, and 

plastocyanin/cytochrome c6, as respiration also occurs in large parts in the thylakoid 

membrane [38]. There are respiratory electron transport chains (ETC) also found in the 

plasma membrane though, as the energy and gradients can be used for the activity of 

nutrient uptake systems and ion pumps [46]. It was long thought that the electrons are 

derived from the reduction of NADPH or oxidation of ferredoxin by NDH-1 and NDH-2 

or by the oxidation of succinate to fumarate by the succinate dehydrogenase (SDH) 

[47]. However, recent research into NDH-1 revealed not only 4 different variants, their 

respective significance [48], but also how NDH-1 takes relevance in photosynthetic 

and cyclic electron transfer while an NDH-like complex containing a NADH DH-domain 

supplying electrons to respiration [45].  

The electrons are then transferred to the PQ pool and further to cytochrome b6f. 

Instead of PSI, the electron reaches a respiratory terminal oxidase (RTO). They 

facilitate ATP synthesis through proton pumping by reducing oxygen to water coupled 
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with electron transfer [46]. Synechocystis has three different types of RTOs: an aa3-

type cytochrome x oxidase (COX), a cytochrome bd-type oxidase (Cyd) and an 

alternative RTO (ARTO), also belonging to the heme-copper oxidase superfamily [49]. 

The function of ARTO and Cyd is unclear to date. The respiratory chain can work in 

parallel, as the initialising electron can be obtained from NDH-1, NDH-2 or SDH and 

Cyd and ARTO can receive electrons directly from the PQ pool, while COX is 

dependent on the cytochrome c6 complex. Thus, COX is mostly found in the thylakoid 

membrane. How no futile cycles occur due to these parallel reactions or the use of 

those cycles are also unknown. In Synechocystis, three NDH2 are known, NdbA, NdbB 

and NdbC [50], though their significance is still cryptic. 

2.3. ATP synthesis 

ATP is the universal energy carrier. It is commonly synthesised by F0F1-ATP synthases 

using an electrochemical proton gradient or, less often described, a sodium gradient 

[51,52]. The energy of this gradient is used to form ATP from adenosine diphosphate 

(ADP) and inorganic phosphate. The F0 complex is a membrane bound channel 

whereas the F1 complex is a soluble protein where the ATP synthesis occurs [53]. 

Concomitantly to the proton gradient producing ETCs, ATP synthases in Synechocystis 

are mostly found in the thylakoid membranes, but also in the plasma membrane [54]. 

The specificity for protons or sodium ions is determined by the c-ring of the F0 complex. 

Within the c-ring, the cations are bound by the negative residue of glutamate and the 

surrounding amino acids determine the specificity. Proton specific c-rings surround the 

glutamate residues with hydrophobic amino acid residues, while sodium specificity 

comes with polar groups [51,52,55,56]. Since protons are highly reactive and sodium 

is the most abundant cation in the environment, this selectivity is significant to prevent 

salt stress. Though proton ATP synthases are found ubiquitously in modern organisms, 

the sodium dependent ATP synthases appear to be the evolutionary predecessor, as 

ancestrous membranes were proton permeable but tight enough for a sodium gradient 

[57]. 

3. Nitrogen metabolism of Synechocystis 

3.1. Nitrogen acquisition 

Synechocystis is a non-diazotrophic strain, dependent on combined nitrogen sources. 

Thus, it has transport systems for ammonium, nitrate, nitrite, urea and different amino 

acids [32]. In laboratory conditions, cells are typically supplied with ammonium or 
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nitrate. Ammonium can be imported by three different transporters: Amt 1, Amt 2, and 

Amt 3 [32,58]. It was recently discovered for the ammonium transporter AmtB of 

Escherichia coli that ammonium is co-transported as ammonia and a proton [59]. It is 

so far unknown though, whether ammonium is reconstituted after import. When fed 

with nitrate, cells import it via the NrtABCD uptake system. Nitrate is imported and 

reduced to nitrite and water by oxidising 2 ferredoxins via the nitrate reductase NarB. 

Nitrite is then reduced to ammonium by the nitrite reductase NirA using 6 reduced 

ferredoxins. Urea will be imported by the UrtABCDE uptake system and converted to 

ammonium by the UreABCDEFG system. Ammonium or ammonia is then integrated 

into the cell metabolism via the glutamine-synthetase-glutamate-synthase (GS-

GOGAT) cycle. The GS reaction aminates glutamate to glutamine while consuming 

ATP. The GOGAT reaction then transfers the amine residue of glutamine to 2-OG 

yielding 2 glutamate molecules. Deriving from the carbon metabolism and being a key 

substrate of the nitrogen metabolism, 2-OG is the key sensor of the C/N homeostasis. 

The glutamate dehydrogenase (GDH) can directly incorporate ammonium into 2-OG, 

circumventing the GS reaction, if necessary [60]. If cells have an excess of nitrogen, 

they can store it in the form of cyanophycin (CP). CP consists of a poly-L-aspartate 

backbone with arginine sidechains. It is synthesised by the CP synthase CphA, a large, 

non-ribosomal peptide synthase [61]. 
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Figure 2: schematic overview of nitrogen assimilation in Synechocystis.  

3.2. Nitrogen Starvation induced Chlorosis 

Nitrogen is one of the most limiting macronutrients in the environment, thus 

Synechocystis requires mechanisms to survive nitrogen starvation. The acclimation to 

nitrogen starvation is a pre-determined, highly structured program. The immediate 

consequence of nitrogen starvation is an increase in 2-OG. This then activates 

transcription dependent on the global nitrogen regulatory protein NtcA, initiating the 

first phase of chlorosis. The immediate arrest of anabolic pathways requiring nitrogen 

causes intracellular accumulation of ATP and reduction equivalents. To prevent 

damage, the photosynthetic apparatus is degraded. This starts with the NtcA 

dependent increased expression of nblA, encoding the PBS degradation protein NblA. 

The PBS will then be detached from the thylakoid membranes and degraded, reducing 

photostress and providing resources [62–64]. This degradation leads to a colour 

change from blue-green to orange-yellow, terming the process chlorosis [64–66]. 

The accumulation of 2-OG also causes the PII-interacting regulator of carbon 

metabolism PirC to bind and inhibit the phosphoglycerate mutase PGAM. PGAM 

catalyses the conversion of 3PG to 2-phosphoglycerate. The 3PG kinase can 
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otherwise convert 3PG to 1,3-bisphosphoglycerate and begin gluconeogenesis. The 

binding of PirC to PGAM shifts the carbon flux away from lower glycolysis and towards 

glycogen synthesis, causing a large accumulation of glycogen [67], peaking at about 

60 % of cell dry weight [68]. Glycogen synthesis is essential for survival in chlorosis, 

due to respiration of the storage providing carbon skeleton and energy for resuscitation 

and the polymer reducing osmotic stress [22,68]. 

While the initial steps of chlorosis occur, cells will divide one last time and synthesize 

the proteins required for resuscitation [15,64,65]. 

In the second phase of chlorosis, cells reduce their metabolic activity and further 

degrade the photosynthetic machinery, until only a residual amount of photosynthetic 

activity remains [15,21]. At that stage, cells have entered the third phase and remain 

therein, until a new source of fixed nitrogen becomes available. No major metabolic 

activity is occurring anymore, except for PHB synthesis, but the physiological role of 

PHB is unknown to date [23]. 

3.3. Resuscitation from Nitrogen Starvation Chlorosis 

Recovery from chlorosis is a multi-levelled process that is as controlled and organised 

as the entry therein is. When chlorotic cells of Synechocystis encounter a fresh source 

of combined nitrogen, the immediate responses are uptake of this nitrogen compound 

and an increase in ATP. The levels of ATP almost double in the first 20 minutes after 

encountering a nitrogen source [22]. It was unclear how this happens. According to 

one assumption, the remaining thylakoid membranes could become more active with 

a nitrogen source in the environment, though this would hinder resuscitation in the 

dark. The first steps of resuscitation are a heterotrophic-like process, depending on the 

catabolism of glycogen. All remaining photosynthetic activity is stopped, and the 

residual thylakoid membranes degraded [15,20]. The main energy supply at this point 

and the carbon skeleton to rebuild the cell metabolism are derived from the respiration 

of glycogen [22]. In vegetative growth, glycogen degradation is inhibited in the light 

(Kok effect), but in resuscitation, no such limitation exists. The proteins required for 

glycogen degradation are synthesised at the start of chlorosis and kept stable, but 

mostly inactive, until the time resuscitation begins. Then, the glycogen is degraded 

through the ED and OPP pathway, yielding less ATP than through the EMP pathway, 

but producing carbon structures essential in rebuilding the cellular metabolism. During 

this early phase of resuscitation, genes encoding central anabolic proteins, such as 
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the ribosomes or proteins of nitrogen assimilation, show an increased expression [68]. 

The photosynthetic activity first vanishes before the expression of the proteins of the 

photosynthetic machinery proteins increases [20,69]. Thus, for the first day of 

resuscitation, only respiration occurs [20,22]. 

After the re-establishment of the central cellular synthesis processes, the metabolically 

and energetically expensive task of rebuilding the photosynthetic machinery can begin. 

Expression of the respective genes increases between 12 and 24 hours after start of 

resuscitation and during this time, photosynthetic parameters, like the amount of 

chlorophyll, the quantum yield of PSII and an increasing oxygen evolution, are 

observable [68]. The glycogen storages are still degrading at this stage, rendering the 

cells in a mixotrophic metabolic state [20,22]. After 48 hours of resuscitation, most cells 

will have reconstituted their thylakoid membranes and associated proteins and 

degraded their glycogen storages. At this point in time, they re-enter vegetative growth 

by a first binary, reductive cell division [20]. 

4. Bacterial Stress Response and Second Messengers 

Nitrogen starvation is a frequent, but not the only environmental stress bacteria must 

be able to face. Most bacteria are heterotrophs and can frequently face starvation 

conditions because of the competition for carbohydrates. Desiccation is also an ever-

present threat for unicellular organisms outside of water and osmotic homeostasis and 

stress mitigation is a Sisyphean task. The bacterial responses towards these stress 

conditions hinges on the efficient signal transmission for which so called second 

messengers are employed. 

4.1. Second messengers 

Second messengers are small molecules and ions that transmit environmental and 

intracellular signals, the so called “first message”, to receptor and effector proteins to 

tune cellular responses [70]. The receptor receives the signal, altering the receptors 

confirmation and thus increases the production or acquisition of second messengers. 

These will then diffuse to the target proteins and adapt their activity to the cellular 

requirement. The homeostasis of second messengers is tightly controlled, as 

dysregulation can obstruct the stress response or even lead to cell death. Most 

bacterial second messengers have been studied in pathogenic bacteria and so their 

role in cyanobacteria was mostly unknown to date. 
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Second messengers are separated into 4 different groups: gases and free radicals, 

which can signal intracellularly and to neighbouring cells, lipid messengers that signal 

within membranes, and ions and cyclic nucleotides, which both transmit signals 

intracellularly [70]. 

Ions regarded as second messengers in bacteria are mostly magnesium and calcium, 

with the latter being the more researched. It was found that Ca2+ signalling modulates 

motility [71,72], oxygen stress response [72,73], and cell division [72,74]. In 

cyanobacteria, Ca2+ ions have been found to influence the response to low nitrogen in 

filamentous [75,76] and unicellular [77] strains. In filamentous strains, Ca2+ not only 

influences the cell differentiation for heterocysts, but also for hormogonia [78], thus 

influencing motility as in heterotrophic bacteria. 

Another second messenger strongly associated with nutrient deficiency and starvation 

is the alarmone guanosin-tetraphosphate ((p)ppGpp). It is involved in the stringent 

response, a well-studied bacterial stress response to amino acid starvation. Guanosin 

pentaphopshate is synthesised by pppGpp synthase RelA and converted to ppGpp by 

the pppGpp phosphohydrolase. Increasing levels of ppGpp will then inhibit protein 

synthesis and DNA replication, arresting cell growth [79]. In cyanobacteria (p)ppGpp 

has also been shown to influence the starvation response. Its predominant role is in 

regulation of the response to changing light conditions in most cyanobacteria [80–82], 

while also, for example, influencing the response to differing nitrogen supply in 

filamentous cyanobacteria [83–85]. 

The most studied class of second messengers in prokaryotes are cyclic nucleotides. 

They are synthesised by nucleotide cyclases and degraded by phosphodiesterases 

(PDE) [70]. The most investigated second messenger is 3’, 5’-cyclic adenosine 

monophosphate (cAMP). Cell metabolism is regulated by cAMP largely through the 

cAMP receptor protein, which is a transcription regulator influencing carbon utilisation 

genes to achieve catabolite repression [86] in different heterotrophic bacteria. The role 

of cAMP in cyanobacteria pertains to light-respondent motility [87], nutrient deficiency 

[88] and rehydration after desiccation [89].  

A to date comparably poorly studied sub-group of cyclic nucleotides are the cyclic di-

nucleotides. They are synthesised by di-nucleotide cyclases and degraded by PDEs. 

The major known types of cyclic di-nucleotides are 3’, 5’ cyclic di-guanosine 5’-
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monophosphate, 3’, 5’ cyclic di-adenosine 5’-monophosphate (c-di-AMP) and 2’, 5’ 

cyclic guanosine adenosine monophosphate. 

4.2. C-di-AMP 

In this work, we focused on the second messenger c-di-AMP. It has been discovered 

in 2008 in Bacillus subtilis as part of the DNA integrity scanning protein A (DisA) taking part 

in the sporulation process [90]. It has since been an interesting target for investigation, as c-

di-AMP is essential in organisms synthesising it and genes encoding c-di-AMP synthesising 

proteins have been found in a wide range of bacteria and archea, though not in the model 

organism Escherichia coli and neither in eukaryotes [91,92]. Synthesis is catalysed by 

diadenylate cyclases from 2 ATP, yielding c-di-AMP and 2 pyrophosphates [93,94], and 2 

structurally different types of cyclases are known so far: Cda and Dis [90,95]. The degradation 

to 5’-phosphadenylyl adenosine is catalysed by PDEs. So far, the significance of c-di-AMP has 

been mostly studied in firmicutes and a large influence of c-di-AMP on ion and osmolyte 

homeostasis has been discovered [96]. Osmotic stress increases the intracellular c-di-AMP 

production and higher levels of c-di-AMP will then inhibit the synthesis or activity of K+ ions 

importing proteins and increase the export of K+ [97,98]. At the same time, high concentrations 

of c-di-AMP will also block the import of osmolytes [96,99]. A PII-like signal transduction protein 

DarA has also been found to bind c-di-AMP and is assumed to influence the nitrogen 

metabolism of L.monocytogenes [100]. All these data suggest c-di-AMP in a central and global 

regulatory position. 

4.3. c-di-AMP in cyanobacteria 

First investigations on the role of c-di-AMP in cyanobacteria yielded interesting results. 

In Synechococcus elongatus PCC 7942, a mutant unable to produce c-di-AMP has 

shown a severe growth disadvantage in a diurnal rhythm [101]. This mutant produced 

more than twice as much reactive oxygen species than the WT during the switch from 

light to dark. Concomitantly, the levels of c-di-AMP start to rise towards dusk in the WT 

with a significant increase immediately after loss of light. 

Investigation of abiotic salt and osmo stress in different cyanobacteria yielded 

interesting results there as well [102]. While salt stress induced mainly an increase in 

c-di-GMP levels, though also in c-di-AMP levels, solely osmotic stress through the 

addition of sorbitol increased the levels of c-di-AMP. Additionally, in Synehcocystis, 

overexpression of the diadenylate cyclase DacA or the PDE Slr0104 yielded mutants 

sensitive to both salt and osmotic stress. 
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5. Aim of Research 

Bacterial dormancy and persistence came increasingly into the focus of research. The 

appearance of antibiotic resistances associated with bacterial dormancy is a large 

medical issue. On the other hand, some quiescent states, like chlorosis in 

Synechocystis, can be used to synthesise products of interest, like PHB. Both entering 

and recovering from different types of metabolic quiescence have been intensively 

researched but are not understood completely to date. 

Ions are well known to influence the activity of life, as they are omnipresent and used 

as co-factors in a multitude of different enzymatic reactions. The influence of many an 

ion has been investigated and documented, but these were focused on rarer ions, 

whose absence could occur, like Ca2+ or Mg2+. In this work, we chose to focus on the 

ubiquitous cation Na+ and investigated, what its primary requirements in the cell 

metabolism of Synechocystis are and how it influences dormancy and resuscitation. 

Second messengers are equally well studied, with some ions even being regarded as 

second messengers. These molecules can cause global responses to whatever stress 

condition they signal. Dormancy is such a global response and the role of c-di-AMP in 

this process is unknown. Since this molecule was found in Bacillus subtilis in the 

sporulation process, an active significance for chlorosis can be hypothesised. In this 

work, the groundwork for future research of c-di-AMP in cyanobacteria, especially 

regarding quiescence, was laid. 
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V.  Results 
 

1. Vegetative growth 

As ubiquitously encountered photoautotrophic organisms, cyanobacteria must be able 

to survive drastically changing environmental conditions. Changing illumination, 

macronutrient starvation, changing osmotic and saline conditions, predators, and 

competitors, just to name a few. The model cyanobacterium Synechocystis developed 

different survival strategies, the knowledge and understanding of which we attempted 

to deepen in this work. 

1.1. Significance of sodium for carbon assimilation 

Sodium is the most abundant cation in the environment and ubiquitously present. It 

has been found to influence different physiological properties in bacteria, like pH 

control, osmotic stress or acting as a co-factor [103,104]. Synechocystis has 6 different 

sodium-proton antiporter systems, summarised in the NhaS family [105–107]. 

Additionally, there are two sodium dependent bicarbonate uptake systems, SbtA and 

BicA, present [24]. We found that cells of Synechocystis were unable to survive 

vegetative growth at ambient air in absence of sodium (Publication 1, figure 5, C). This 

was reversable by placing the cells in a 2 % CO2 environment. This seemed to 

completely alleviate the phenotype, indicating high affinity bicarbonate uptake as the 

primary requirement for sodium during vegetative growth. An influence on ATP 

synthesis has been ruled out, as cells treated with the sodium ionophore monensin 

kept their ATP level constant (Publication 1, figure 5, A). 

1.2. Significance of c-di-AMP in diurnal rhythm 

The second messenger c-di-AMP has been reported to influence survival in a diurnal 

rhythm in Synechococcus elongatus PCC 7842 [101]. To investigate the significance 

of c-di-AMP in Synechocystis, we performed a pulldown with crude cell extract of 

Synechocystis using c-di-AMP as bait. Several different ion transporter systems were 

found, but the most abundant protein was the PII-like signal transduction protein SbtB 

(Publication 2, figure 1, B). This interaction was confirmed and characterised using 

isothermal titration calorimetry (Publication 2, figure 1, A). Similar to the negative 

cooperative binding of ATP to the subunits of the PII protein [108], the monomers of 

SbtB, which forms a trimer as well, bind c-di-AMP. The SbtB protein can bind c-di-AMP 

with a dissociation constant (Kd) of Kd1 2,3 µM for the first, Kd2 12,2 µM for the second 
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and Kd3 35,9 µM for the third binding site, comparable to the binding of cAMP to SbtB. 

The T-loop of SbtB changes conformation upon binding of c-di-AMP, which has been 

shown through crystallography studies (Publication 2, figure, 1, C to F).  

To further investigate the physiological role of c-di-AMP in Synechocystis, we created 

a mutant strain, unable to produce c-di-AMP. This was achieved by inserting a 

kanamycin resistance cassette into the active center encoding sequence of the gene 

dacA (sll0505), which encodes the only diadenylate cyclase of Synechocystis. This 

was done to avoid downstream effects on the following gene (sll0506), encoding an 

undecaprenyl phosphate synthase. The promoter and start sequence of sll0506 

overlap with the 3’-region of dacA. To prove the activity of DacA as a diadenylate 

cyclase, a plasmid expressing a dacA-green fluorescent protein (GFP) fusion under 

control of the T7-promoter was transformed into E.coli, as it does not naturally 

synthesise c-di-AMP. Measurement of the intracellular concentrations of c-di-AMP in 

these cells after induction of DacA-GFP expression using isopropyl-β-D-

thiogalactopyranoside (IPTG) revealed high levels of c-di-AMP, proving DacA activity 

(Publication 2, supplementary figure S3). Also, the ΔdacA mutant synthesised no 

measurable amount of c-di-AMP (Publication 2, figure 2, A). 

To investigate the link between c-di-AMP and SbtB, the ΔdacA strain and a previously 

engineered ΔsbtB knockout strain [33] were compared under different physiological 

conditions. The group of Montgomery previously reported in Synechocystis a 

significance of c-di-AMP on osmotic stress response [109]. Accordingly, when 

presented with increasing levels of sorbitol, the ΔdacA strain grew increasingly slower 

until it completely arrested growth at 300 mM sorbitol. In comparison, the ΔsbtB strain 

was not affected (Publication 2, supplementary figure S4). Thus, the significance of c-

di-AMP for osmotic stress is proven again and shown to be independent of its 

interaction with SbtB. 

Since SbtB plays a large role in the carbon concentrating mechanism [33], the strains 

were observed under different carbon conditions. The ΔdacA mutant was able to adapt 

to high carbon like the WT (Publication 2, figure 2, B), by lowering the affinity to HCO3
- 

in contrast to the ΔsbtB strain [33]. When faced with night-time survival, cells need to 

accumulate glycogen, which will be respired during the night to acquire the energy to 

survive. The accumulation of glycogen is dependent on succesful on carbon 

assimilation. The group of Susan Golden previously reported on the significance of c-
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di-AMP in the diurnal survival of Synechococcus elongatus PCC 7842 [101] and we 

were able to show this for Synechocystis as well. Both, the ΔdacA and the ΔsbtB strain 

displayed severe growth impairment in a 12 h light/12 h dark rhythm (Publication 2, 

figure 2, C and D). 

SbtB is a PII-like protein and PII is reported to regulate cell metabolism through direct 

protein-protein interactions, so we performed SbtB-bait pulldown assays searching for 

hits relevant in a diurnal rhythm. In coimmunoprecipitation experiments with crude cell 

extract, several different glycogen metabolism related proteins were identified: a 

glycogen synthase GlgA2, a glycogen phosphorylase GlgP2, the glycogen branching 

enzyme GlgB, and a glycogen debranching enzyme GlgX1. To investigate whether 

these interactions are dependent on c-di-AMP, pulldowns with immobilized, c-terminal 

His8- or Strep-tagged SbtB on magnetic Ni2+ or streptavidin beads, respectively, were 

incubated with crude Synechocystis cell extract in either presence or absence of c-di-

AMP. With both different tags, in the presence of c-di-AMP, GlgB was enriched 

(Publication 2, figure 3,A; supplementary figure S9B), while incubation with cAMP 

failed to enrich GlgB (Publication 2, supplementary figure S9, C and D). To prove this 

interaction, a bacterial two-hybrid assay was performed. Interaction was observable 

between SbtB and GlgB when GlgB was N-terminally tagged (Publication 2, figure 3, 

B), while not with C-terminally tagged GlgB or any other identified glycogen metabolism 

related protein (Publication 2, supplementary figure S10). The interaction between 

SbtB and GlgB was also proven by microscale thermophoresis, though the addition of 

c-di-AMP did not alter the binding constant significantly (Publication 2, figure 3, C). 

A previously generated ΔglgB mutant [110] was checked for survival in a diurnal 

rhythm. It displayed a comparable phenotype to the ΔdacA and ΔsbtB strains 

(Publication 2, figure 3, D). To solidify the involvement of SbtB and c-di-AMP in the 

glycogen metabolism, the glycogen concentration was measured at midday phase in 

all three mutants. All of them had significantly lower lewels than the WT (Publication 2, 

figure 3, E). A complementation of the ΔsbtB mutant under control of the psbA2 

promoter had WT-like levels of glycogen in diurnal growth (Publication 2, 

supplementary figure S11, C). Since glycogen respiration is vital in the night, oxygen 

consumption was observed in the ΔdacA and ΔsbtB strains throughout several days 

of diurnal growth. Both mutants showed significantly lower levels of oxygen and oxygen 

evolution rate during the light phase, and both immediately dropped at the onset of 
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dark, while in the WT a gradual decline throughout the dark phase was observable 

(Publication 2, figure 3. F and G). The lower oxygen evolution during the day indicated 

a reduced rate of photosynthesis, which indicates a lower carbon fixation through the 

CBB cycle (Publication 2, supplementary figure S6, B, C). 

Lastly, we measured the intracellular concentration of c-di-AMP throughout 24 hours 

of diurnal growth in the WT. The levels decreased throughout the night but rapidly 

increased to almost 3 times as much at the start of the light phase (Publication 2, figure 

2, E). This is contradictory to the quantification in Synechococcus elongatus PCC 7842, 

in which the levels increased throughout the night, peaking shortly before dawn, and 

dropped during the day [101].  

Overall, we could show that c-di-AMP in cooperation with SbtB regulates GlgB and 

thus, the levels of glycogen for night-time survival, emphasising its essentiality in 

diurnal rhythm. 

2. Chlorosis 

Synechocystis, being non-diazotrophic, must be able to survive times of nitrogen 

starvation and does so by entering the metabolic dormancy termed chlorosis. We 

investigated the significance of sodium and c-di-AMP in this well-established quiescent 

state. 

2.1. Significance of sodium for bioenergetics 

During vegetative growth, the primary requirement for sodium is the HCO3
- uptake 

through BicA and SbtA (Publication 1, figure 5, C). This could be the main requirement 

in early chlorosis as well, as the cells accumulate large storages of glycogen in the first 

days. There could be additional requirements for sodium afterwards, as chlorotic cells 

have only a residual carbon fixation as sink for the residual photosynthesis. In absence 

of sodium, cells can’t survive chlorosis. They are unable to accumulate large glycogen 

storages (Publication 1, figure 5, E), as was expected. Still, even when starved of 

sodium after accumulation of glycogen, these storages begun to be degraded and cells 

were unable to survive (Publication 1, figure 5, E, blue bars). Keeping the cells in a 2 

% CO2 environment, enabling survival in vegetative growth in absence of sodium, 

failed to mitigate the lack of Na+ (Publication 1, figure 5, D). Recovering cells will 

consume glycogen for energy generation, leading us to believe that sodium could be 

required during chlorosis for ATP synthesis. This hypothesis was proven, as an 
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increase in environmental sodium led to an increase of ATP in the cells (Publication 1, 

figure 2, E). Since chlorotic cells are dormant, they have a reduced requirement of ATP. 

Recovering cells of Synechocystis, on the other hand, begin their process of 

resuscitation with a significant increase in ATP [22]. Thus, we decided to investigate 

the influence of sodium on bioenergetics in early resuscitation. 

 

2.2. Significance of c-di-AMP for survival in chlorosis 

Since the retarded accumulation of glycogen appears to be the reason why the ΔdacA 

and the ΔsbtB mutants fail to maintain diurnal growth (Publication 2, figure 2, C,D), 

death during nitrogen starvation due to the same reason was expected. In fact, the 

ΔdacA strain was unable to survive chlorosis, while the ΔsbtB mutant did not display a 

phenotype (Pubilcation 2, supplementary figure S5, B, C). Thus, the missing interaction 

between the SbtB-c-di-AMP complex and GlgB is not responsible for death of the 

ΔdacA strain in chlorosis. Consequently, the acclimation of the c-di-AMP deficient 

strain to nitrogen starvation was investigated in more detail. 

Intracellular c-di-AMP measurements throughout 14 days of chlorosis revealed 

increased levels in early chlorosis (Publication 4, figure 1, A), before reducing towards 

the later stages of chlorosis again. Thus, the part of c-di-AMP in the recalibration of the 

cellular metabolism in response to nitrogen starvation is significant, for without it, the 

cells die.. Fitting to this assumption, when the cells were stained with the fluorescent 

dye Bis-(1,3-Dibutylbarbituric Acid)-trimethine axonol (DiBAC), which enters 

depolarized cells, around 40 % of ΔdacA cells appeared fluorescent after one day 

(Publication 4, figure 1, D). Fluorescence indicates cell death and after 14 days, the 

culture was visibly white, another indication, and approximately 60 % of cells appeared 

stained, further increasing towards day 21 (Publication 4, figure 1, B – D). The cells 

appeared dead, but the cell density, measured via the optical density at 750 nm, did 

not decrease. Furthermore, the mutant cells were unable to perform the last cell 

division at the start of chlorosis (Publication 4, figure 1, E). The degradation of the 

photosynthetic machinery occurs as in the WT though (Publication 4, figure 1, F and 

G), even if the mutant has already a lower quantum yield of PSII in vegetative growth. 

A large difference between mutant and WT was visible in the levels of ATP and 

glycogen (Publication 4, figure 1, H, I). The levels of ATP reduced significantly at the 

start of chlorosis in the WT, while in the mutant, they increased to approximately 150 
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% of vegetative level in the first 2 days before dropping down again. The levels of 

glycogen increased rapidly in early chlorosis in the WT, as expected. Meanwhile, the 

mutant failed to accumulate large amounts of glycogen and remained at about 50 % 

of the WT level. This resembles to the phenotype in diurnal rhythm, but since the ΔsbtB 

mutant did not display this phenotype, indicating that the reduced glycogen synthesis 

in the ΔdacA strain is not mediated by c-di-AMP sensing of SbtB. Concerning the 

influence of c-di-AMP on osmotic stress response, transmission electron microscope 

pictures of cells after 21 days of chlorosis showed a heterogenous ΔdacA culture with 

cells displaying different stages of plasmolysis (Publication 4, figure 1, J). 

Since we were unable to clearly pinpoint the role of c-di-AMP in chlorosis, we 

performed untargeted metabolomic analysis (Publication 4, figure 2). In the WT, 

different profiles of amino acid level changes were observed. They either peaked in 

early chlorosis, visible in case of lysine (Publication 4, figure 2, B), remained constant, 

visible for glutamine (Publication 4, figure 2, A), or declined gradually, as visible for 

glutamate (Publication 4, figure 2, A). In the ΔdacA strain, various amino acids showed 

either increased or decreased levels as compared to the WT. Glutamate, the primary 

pivot point of nitrogen metabolism dropped rapidly in the WT while in the mutant, it did 

increase. This was highly unexpected, as the cells were starved of fixed nitrogen, so 

the supply should have dropped. Levels of proline (Publication 4, figure 2, A), 

aspartate, methionine (Publication 4, figure 2, B) and tryptophane (Publication 4, figure 

2, C) increased within early chlorosis in the mutant. The levels of proline stayed high, 

which could be due to its function as osmolyte, attempting to mitigate osmotic stress. 

Another interesting increase is that of methionine (Publication 4, figure 2, B), As it is 

the initiating amino acid of protein translation and precursor of the methyl-group donor 

S-adenosine-L-methionine, this could indicate a disturbance in protein synthesis and 

possibly also in DNA-methylation.  

3. Resuscitation 

When faced with a new source of fixed nitrogen, cells will start a multi-levelled, highly 

organised resuscitation process. During this process, the entire cellular metabolism is 

restructured and rebuilt. 

3.1. Significance of sodium for pH control, bioenergetics, and GS activity 

When chlorotic cells are supplied with a new nitrogen source, the ATP levels increase 

very rapidly, but  the mechanism behind this response was unknown [22]. The energy 
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could derive from the two known energy producing systems in Synechocystis, 

respiration or photosynthesis. To investigate this, cells of the ΔglgP1/2 mutant, which 

is unable to degrade glycogen, were recovered and their ATP content measured. The 

cells were still able to increase their ATP levels like WT (Publication 1, figure 1, A). 

Next, we attempted to recover chlorotic cells in the dark, so they are incapable of 

photosynthesis, or in presence of the inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea, 

which blocks the electron transfer from PSII to PQ. Cells were still able to rapidly 

synthesise new ATP (Publication 1, figure 1, B and C). Lastly, we added either 

dibromthymochinon or antimycin A to inhibit the electron flow to cytochrome b6f, neither 

inhibited ATP synthesis. Thus, neither respiration nor photosynthesis are required for 

the immediate ATP increase in the first minutes of resuscitation. 

Sodium has been suggested to influence the ATP synthesis in chlorosis and possibly 

also resuscitation earlier in this work (see 2.2.1 sodium in chlorosis). First, it had to be 

proven that protons are not necessary for ATP synthesis. To achieve this, we recovered 

cells in presence of the protonophores carbonyl cyanide m-chlorophenyl and 2,3-

dinitrophenol. In both conditions, ATP synthesis upon addition of NaNO3 was 

unhindered (Publication 1, figure 2 A, B). When recovering cells with KNO3 in presence 

of 5 mM sodium, a reduced increase in ATP was observable (Publication 1, figure 2, 

C) and when recovering in absence of sodium, no increase was detectable at all 

(Publication 1, figure 2, D). This clearly indicated the importance of sodium for 

bioenergetics. However, it was unclear whether this was a combined effect of sodium 

and the supplied nitrogen source. To investigate this, we sequentially added first NaCl 

and second KNO3 to chlorotic cultures. Both caused separate increases in ATP and 

when the experiment was repeated in presence of the GS inhibitor L-methionine 

sulfoximine, only the sodium increase was measurable (Publication 1, figure 2, E). On 

the other hand, when cells were incubated with the sodium ionophore monensin and 

recovered, only a small increase was observable (Publication 1, figure 2, F). Strikingly, 

when recovered in presence of ethyl-isopropyl amiloride, which blocks sodium 

channels and proton-sodium antiporters, no increase in ATP was measurable. All these 

results consolidate the role of sodium in bioenergetics. 

To identify whether there are additional requirements for sodium in resuscitation, 

further investigation was carried out. To observe the significance of sodium for carbon 

fixation in resuscitation, recovery in a 2 % CO2 environment was performed. Cells were 
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unable to recover (Publication 3, figure 1). As the increase in ATP could be seperated 

in a sodium dependent and nitrogen dependent, we investigated whether sodium is 

also influencing the nitrogen acquisition. When cells were recovered in absence of 

sodium, ammonium was imported at a rate comparable to standard conditions 

(Publication 3, figure 2, B). In contrast, nitrate was imported in absence of sodium only 

transiently while the levels of nitrite in the medium increased (Publication 3, figure 2, 

C, D). This indicates a requirement for sodium in the assimilation of nitrate. The 

reduction of nitrate to nitrite requires 2 protons and the further reduction to ammonia 

requires 6 additional protons. Apparently, the cells imported some nitrate, reduced it to 

nitrite but failed to reduce it further. Likely, they were lacking protons, which would be 

provided by the activity of H+/Na+ antiporters, like the members of the NhaS-family. 

Cells recovering with nitrate and sodium turned the media more alkaline, indicating 

proton uptake, while the pH remained constant in the absence of sodium (Publication 

3, figure 2, E). The intracellular pH was measured using the fluorescent indicator 2′, 7′-

bis-(2carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) and became more alkaline 

in early recovery with nitrate and acidic with ammonium. Throughout resuscitation, 

when recovered with ammonium or in presence of sodium with nitrate, the pH returned 

to approximately 7,5, whereas when recovered with nitrate in the absence of sodium, 

the intracellular pH stayed alkaline at approximately 8,25 (Publication 3, figure 2, F). 

This shows that there are additional effects to the sodium dependent ATP synthesis, 

here, pH control and nitrogen acquisition. 

Since sodium starvation has a global effect, we also investigated the metabolome of 

cells resuscitating with nitrate in presence and absence of sodium. We investigated 

the first 12 hours, when photosynthesis is yet inactive, excluding secondary effects due 

to incapability of carbon fixation. Under standard resuscitation conditions, many amino 

acids remained constant (Publication 3, figure 3). The levels of glutamate increased 

rapidly and consistently (Publication 3, figure 3, A). This was expected, as it is the 

primary entry point of new nitrogen into the cell metabolism. In the absence of sodium, 

there was a smaller increase and only to approximately 50 % of the standard condition 

level. In contrast to glutamate, the levels of glutamine remained almost constant. This 

indicates that the newly synthesised glutamine molecules are immediately turned over 

by the GOGAT reaction. In the absence of sodium, the glutamine levels were lower 

than during recovery in presence of sodium, indicating a delay and dysregulation of 

the GS-GOGAT cycle (Publication 3, figure 3, A). Arginine shows a similar pattern to 
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glutamine, as the levels remained almost constant in the presence of sodium, while 

sinking in absence of sodium (Publication 3, figure 3, A). This could be caused by the 

high demand for the limited amount of glutamate, which can serve as a substrate in 

arginine synthesis [111,112]. Proline showed a unique pattern, as the levels increased 

significantly in absence of sodium, in contrast to the constant levels in presence thereof 

(Publication 3, figure 3, A). Proline can function as an osmolyte [113], so increasing 

levels could compensate for missing protein and molecule biosynthesis in absence of 

sodium. 

Another interesting pattern was observed for two of the aromatic amino acids, tyrosine 

and phenylalanine. Tyrosine showed decreasing levels in standard resuscitation, fitting 

to the observation that increased levels are found in chlorosis [63]. Both aromatic 

amino acids showed an intermediary increase in absence of sodium (Publication 3, 

figure 3, C).A possible reason except missing protein synthesis is not known. 

Lastly, some intermediates of the TCA cycle were observable. Increased levels of 

succinate were observed during recovery in absence of sodium (Publication 3, figure 

2, E). Succinate is produced in the modified TCA cycle of cyanobacteria from 2-OG 

and is reduced by the SDH to fumarate. As the GS-GOGAT cycle seems impaired in 

the absence of sodium, further processing of 2-OG to succinate could serve as a sink. 

As the levels of ammonium in the medium decreased even in the absence of sodium, 

we questioned whether cells accumulate more of the nitrogen storage molecule 

cyanophycin in absence of sodium. It has been reported that recovering cells 

accumulate some CP as safeguard to reoccurring chlorosis [114]. Staining with the 

Sakaguchi method and observation of the cells revealed a missing or reduced CP 

production in absence of sodium with either nitrate or ammonium as nitrogen source, 

respectively (Publication 3, figure 4). This indicates an alternative, yet to be identified 

sink of ammonium in absence of sodium. 

As to gain further insights why cells need sodium for proper resuscitation , transmission 

electron microscopic pictures of recovering cells in presence and absence of sodium 

were made. During recovery in the absence of sodium, the intracellular structures 

degrade over time until cells appeared ghost like (Publication 3, figure 5).  
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3.2. Significance of c-di-AMP due to changing metabolism and appearance of 

adapted strains 

The expression and protein levels of DacA peak in early resuscitation [68,69]. To 

investigate whether the protein is also active, we measured the intracellular 

concentrations of c-di-AMP throughout two days of resuscitation. The levels peaked 

within 8 hours after addition of fixed nitrogen before dropping again (Publication 4, 

figure 3, A). When ΔdacA cells were recovered, the ATP levels increased less than in 

the WT and dropped back to chlorotic levels after 48 hours (Publication 4, figure 3, B). 

Additionally, the switch to mixotrophic and photoautotrophic growth appeared delayed, 

as PSII quantum yield was only measurable after 48 hours, a day later than in the WT 

(Publication 4, figure 3, C). In a drop plate recovery assay, the mutant lacked behind 

the WT by 2 orders of magnitude (Publication 4, figure 3, D). This appears reasonable, 

as only a quarter of cells survived chlorosis, as shown earlier (Publication 4, figure 1, 

C and D). As c-di-AMP deficient mutants have been reported to develop suppressor 

mutations in different organisms [115–120], we investigated whether the severe stress 

conditions of chlorosis and resuscitation would cause similar effects in Synechocystis. 

A colony PCR of the recovered mutant cells revealed a restored dacA gene 

(Publication 4, figure 3, E) and an intracellular c-di-AMP measurement showed that the 

revertant produced even more of the second messenger than the WT (Publication 4, 

figure 3, F). This indicates that the surviving cells have undergone genomic adaptions 

and therefore could survive chlorosis and resuscitation. To investigate this, we starved 

the adapted strain of nitrogen a second time. The c-di-AMP deficient phenotype was 

completely alleviated (Publication 4, figure 3, G – H). It appears that the cells removed 

the kanamycin resistance cassette from the intended location and inserted it into the 

chromosome somewhere else. This new location has not been found in this work. 
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VI. Discussion 
 

1. Requirement for sodium in Synechocystis 

Sodium is as ubiquitous as cyanobacteria are and the latter have learned to live with 

the former. As life likely originated in a potassium rich environment [57], sodium is 

typically more bane than boon, but still, cells find use for it. 

1.1. Carbon fixation and bioenergetics in vegetative growth 

During vegetative growth, an absence of sodium can be compensated by increased 

levels of CO2 (Publication 1, figure 5, C). This clearly signifies that the primary 

requirement for sodium in vegetative growth is the import of HCO3
- through the sodium 

dependent HCO3
- transporters SbtA and BicA. Almost all ATP synthesis during 

vegetative growth occurs at the thylakoid membranes, powered by photosynthesis. 

Thus, bioenergetics are largely independent of sodium. 

1.2. Sodium bioenergetics in chlorosis 

With the onset of nitrogen starvation chlorosis, the levels of ATP drop significantly [22]. 

There are multiple possible reasons for this, for example glycogen synthesis is ATP 

consuming [121]. Additionally, ATP has been reported to act as a hydrotrope [122], 

meaning reduction of the ATP levels will turn the cytoplasm more crystalline, slowing 

molecule movement speed in the cytoplasm and thus, slowing the speed in metabolic 

networks. 

As the thylakoid membranes degrade largely during chlorosis, an additional energy 

source is required. The results presented in this work suggest that sodium motive force 

is used to synthesise ATP at the plasma membrane. The proposed mechanism is a 

reduction of NAD(P)H to NAD(P), likely by the NAD-reductase NDH-II, as it was found 

in the plasmamembrane. The electrons will then be transported to the alternative 

respiratory terminal oxidase (ARTO), which will export protons. These would be 

immediately reimported through a Na+/H+ antiporter, likely of the NhaS-family. The Na+ 

ions would then, following the concentration gradient, try to re-enter the cells, which is 

channelled through the ATPase, synthesising new ATP. Cyanobacteria can turn their 

environment more alkaline when feeding on nitrate or nitrite sources. This 

compromises the proton motif force, while a sodium motif can easily be maintained. 
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1.3. Sodium bioenergetics, pH control and nitrogen incorporation in resuscitation 

In resuscitation, the first measurable response to a new source of fixed nitrogen is an 

immediate and drastic increase in ATP. This is required to fuel the anabolic reactions 

to rebuild the cell metabolism. The GS-GOGAT cycle is pivotal, as through its nitrogen 

assimilation activity, cells sense the availability of a new nitrogen source.. This has 

been proven by blocking the GS-GOGAT cycle with inhibitors and the concomitant lack 

of ATP increase [22]. The earlier postulated mechanism for sodium bioenergetics still 

applies here. To compensate the incorporation of free protons, Na+/H+ antiporter 

activity is essential for nitrogen assimilation and buffering of the cytoplasmic pH. 

Typically, the cytoplasm is buffered by K+ ions and glutamate [123], but in the absence 

of sodium, GS activity is likely compromised due to lower levels of ATP and inhibited 

nitrite reduction. Due to sodium depletion, missing sodium-proton antiport causes the 

cytoplasm to become more alkaline and the pH of the medium to remain constant 

(Publication 3, figure 2, E). 

Proline can act as an osmolyte and it can also derive from arginine catabolism [112]. 

The N-terminal domain of ArgZ has an arginine dihydrolase activity, splitting arginine 

into ornithine, ammonia and CO2. Ornithine, as an arginine substrate, can then re-enter 

arginine synthesis or be converted to proline by an ornithine cyclodeaminase. The C-

terminal part of ArgZ is presumed to have such an activity [112]. Because the absence 

of sodium hinders the nitrogen assimilation, the nitrogen-containing substrates for 

arginine synthesis (carbamoyl-phosphate) are lacking and therefore, ornithine could 

preferentially be converted into proline. The subsequent osmoprotection could be a 

secondary effect, though a necessary one, as cells recovering without sodium appear 

to degrade all their cellular structures (Publication 3, figure 5). The expression of argZ 

and protein levels of ArgZ increase in early resuscitation [68,69], which also indicates 

the turnover of ornithine to proline. The drop in tyrosine in standard resuscitation is 

likely caused by de-novo protein synthesis. The increase in absence of sodium remains 

enigmatic. It has been reported to act as radical quencher in specific enzymes 

[124,125], but whether free tyrosine can function the same way is so far unknown. 

2. Requirement for c-di-AMP in Synechocystis 

The second messenger c-di-AMP has been the focus of much research since its 

discovery in 2008 [90]. It has been reported to be of significance in cyanobacteria for 

survival in diurnal growth [101] and for osmotic stress response [102]. In this work, we 
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further investigated the significance of c-di-AMP for night-time and metabolic 

dormancy. 

2.1. Osmoregulation through c-di-AMP in Synechocystis 

In firmicutes, c-di-AMP is mainly involved in osmoregulation and ion homeostasis, the 

latter largely focused on K+ [100,115,118,119]. For Synechocystis, it has also been 

reported though without description of a mechanism [102]. In different c-di-AMP based 

pulldown assays, we identified several different cation transporters as interaction 

partners, mainly of Na+, K+, and Mg2+ ions. The interaction of c-di-AMP with any of 

these transporters has still to be confirmed. In follow-up work in our laboratory, an 

interaction between c-di-AMP and the Na+/H+ antiporter NhaS5 has been observable 

and indicates a significance of c-di-AMP for Na+ homeostasis.  

2.2. Glycogen accumulation for night-time survival 

Night-time survival is essential for photoautotrophic organisms, like cyanobacteria. The 

metabolism switches from the purely phototrophic to a heterotrophic-like mode, for 

which tight control is required. We have discovered here an interaction between c-di-

AMP and the signal transduction protein SbtB. This complex will then increase the 

activity of GlgB and enable branched glycogen molecules. The branching of glycogen 

is pivotal for its subsequent rapid degradation, which is necessary to survive in a 

diurnal rhythm. 

2.3. Global requirement for chlorosis and resuscitation 

As shown in this work, c-di-AMP is essential in chlorosis. Cells lacking c-di-AMP appear 

to be unable to enter chlorosis. Levels of c-di-AMP peak in early chlorosis (Publication 

4, figure 1, A) and deficient cells fail to divide or accumulate glycogen (Publication 4, 

figure 1 E, I) and within the first 2 days, already approximately 40 % of ΔdacA cells 

show a signal, dependent on a lack of membrane potential (Publication 4, figure 1, C 

– D), a clear indication of cell death. The mutant cells which do not emit a fluorescent 

signal when stained with DiBAC are still viable. Among these, adapted cells were able 

to recover. 

Throughout chlorosis, a constant requirement for c-di-AMP is also osmotic regulation, 

observable in the cytoplasmic shrinkage of deficient cells in late chlorosis (Publication 

4, figure 1, J). The phenomenon of cytoplasmic reduction has been previously reported 

as an answer to starvation conditions [126]. This is an unobserved behaviour in 

Synechocystis and thus, likely occurring due to the absence of c-di-AMP. 
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The metabolome is greatly disturbed in absence of c-di-AMP (Publication 4, figure 2), 

which implements it further, as a central second messenger. 

2.4. Adaptation process 

Mutants deficient in c-di-AMP production have been established in different bacteria 

as well as suppressor mutations reported in those mutants. These suppressor 

mutations have been largely focused on proteins connected to osmoregulation 

[96,100,117,119]. In this work, the adapted mutant removed the antibiotic resistance 

cassette from the gene locus (Publication 4, figure 3). This was possible, because the 

mutant was generated via insertion mutation of the antibiotic resistance cassette into 

the active centre encoding region of sll0505. This was necessary to circumvent 

downstream effects on sll0506, an undecaprenyl phosphate synthase encoding gene, 

whose 5’-end is overlapping with the 3’-end of sll0505. Still, there are likely additional 

suppressor mutations, whose discovery could further the understanding of the 

significance of c-di-AMP. 
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3. Conclusion 

 

This work helps elucidating the global mechanisms of entry into metabolic quiescence 

and awakening thereof in Synechocystis. The ubiquitous cation Na+ is used for 

maintaining an energised membrane during bacterial dormancy, a subject of interest 

regarding biodiversity, pathogenic persistence, and generation of antibiotic 

resistances. For the awakening process, it is also employed for nitrogen acquisition, 

pH control and osmoregulation, signifying the central role of this ubiquitous ion can 

have. However, it is still unclear how widespread these properties are in the bacterial 

world. Another small molecule with a global impact on Synechocystis is c-di-AMP, 

which we have shown to be essential in glycogen synthesis to survive nocturnal 

dormancy. Additionally, c-di-AMP is of great importance for entry and exit of metabolic 

quiescence, thought the underlying mechanisms are so far unknown, necessitating 

further research. 
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Abstract: 

Dormancy is one of the most significant survival mechanisms in bacteria. The entrance and exit from 

dormancy require tight control. A failure to properly control this process can easily lead to cell death. 

In the last decade, the second messenger cyclic di-adenosine monophosphate turned out to play key 

roles in homeostatic regulation of various bacteria. Mostly associated with ion and osmolyte 

homeostasis, it has also been shown to be essential for survival in cyanobacteria in a diurnal rhythm 

and indications of its requirement to survive metabolic dormancy in cyanobacteria have also been 

found. To further investigate the influence of c-di-AMP on metabolic quiescence, the response of a c-

di-AMP deficient Synechocystis sp. PCC 6803 strain towards nitrogen starvation-induced chlorosis was 

investigated.  We revealed that c-di-AMP is essential for entry into chlorosis and exit thereof. We 

found significant dysregulation in cellular glutamate and glutamine levels, indicating involvement of c-

di-AMP in nitrogen metabolism. Moreover, a severe plasmolysis in later stages of chlorosis highlights 

the importance of c-di-AMP in maintaining osmotic balance during the chlorotic state.  
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Introduction: 

Second messengers are small molecules and ions transmitting environmental and intracellular signals 

to receptor and effector proteins to tune cellular responses [1]. One large group of second messengers 

are cyclic nucleotides including the well-known cyclic adenosine monophosphate (cAMP). A different 

sub-group are the cyclic di-nucleotides, which gained interest in the last decades. One of them is cyclic 

di-adenosine monophosphate (3’,5;-c-di-adenosine 5’-monophopshate; hereafter c-di-AMP). Since its 

discovery in Bacillus subtilis in 2008 [2], it has been found in various bacteria and archaea, but not in 

eukaryotes [3–5]. C-di-AMP is synthesised from two ATP molecules by diadenylate cyclases and 

degraded by phosphodiesterases [6,7]. In various genera of the firmicutes clade, mutants with deficient 

c-di-AMP synthesis or with increased c-di-AMP degradation are not viable in complex media. 

Diadenylate cyclase deficient mutants, however could be rescued in minimal media with low potassium 

supply [8–11].In contrast , mutants that overproduce c-di-AMP generally showed impairment [12–14]. 

Due to this tight requirement of limited amount of c-di-AMP, it was termed an “essential poison” [12]. 

In firmicutes, many interaction partners have been discovered through the analysis of suppressor 

mutations. In this manner, interaction partners of c-di-AMP that are involved in ion homeostasis and 

osmolyte uptake have been discovered [8–10,15–17].  

As shown in firmicutes, c-di-AMP appears to play a central role in the potassium homeostasis as 

deduced from the number of mutations found in transporters thereof [8,10,15]. The immediate uptake 

of K+ ions is the first response of many bacteria to hyperosmotic stress [18]. To circumvent long term 

ionic stress due to the charges of K+ and the counter ion glutamate, bacteria will then replace these 

ions with compatible solutes and other osmolytes [18]. Since high levels of c-di-AMP inhibit the uptake 

of K+ and increase its export [8,19,20], the concentration of c-di-AMP needs to decrease under 

hyperosmotic shock and needs to rise to export the K+ ions again. Suppressor mutations were also 

found in osmolyte transporter encoding genes like opuD in Staphylococcus aureus [10] or the 

transcription repressor encoding gene busR [15]. BusR represses the expression of the glycine betaine 

uptake system BusAB actively when binding c-di-AMP. 

Cyanobacteria are a ubiquitous group of bacteria owing to their unique ability in prokaryotes to 

perform oxygenic photosynthesis. In cyanobacteria, c-di-AMP has been reported to be necessary for 

diurnal growth, especially for night-time survival [21,22], and like in firmicutes, for ion homeostasis and 

osmoprotection [23]. In the model cyanobacterium Synechocystis sp. PCC 6803 (hereafter 

Synechocystis), a unicellular non-diazotrophic strain, only one diadenylate cyclase, termed DacA, is 

known [22,23]. Investigation of a ΔdacA knockout strain revealed reduced levels of glycogen, likely 

because the glycogen branching enzyme GlgB is activated by the PII-like signal transduction protein 

SbtB in complex with c-di-AMP [22]. Deprivation of combined nitrogen sources is a condition, which 

causes maximal glycogen accumulation. Prolonged nitrogen starvation causes reversible chlorosis and 

metabolic quiescence, whereby during this acclimation process, the cells prepare for rapid 

resuscitation from dormancy as soon as nitrogen becomes available again [24,25]. In a previous study, 

we observed that a ΔdacA mutant was unable to resuscitate from nitrogen starvation while a ΔsbtB 

mutant did not show an impairment in re-greening [22]. The metabolic recalibration necessary for the 

process of chlorosis follows a strictly organised program observable at different phenotypical levels. 

Upon nitrogen deprivation, the cells divide one last time before arresting growth [26] and the levels of 

ATP drop significantly [27]. The phycobilisomes, the thylakoid membrane-anchored  light harvesting 

complexes , are degraded and the whole photosynthetic machinery is reduced until only a residual 

amount remains [24,25]. During the initial phase of the chlorosis process, the fixed CO2 is directed 

towards glycogen synthesis, which is the crucial energy reserve that fuels a subsequent resuscitation 

process [27–30]. 
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The resuscitation process of chlorotic Synechocystis as a model for the awakening of a dormant 

bacterium has been studied in detail [27–29,31–34]. It starts with the addition of a usable nitrogen 

source. The cells immediately take up such a nitrogen compound and increase their ATP levels [27]. As 

the cells start to degrade glycogen to gain energy by respiration and to mobilise carbon skeletons for 

assimilatory reactions, they transiently switch off residual photosynthetic activity [27,28]. Following an 

initial reconstitution of the translational machinery and of central metabolic capacities, they rebuild 

the entire photosynthetic machinery. After about 24 hours, the thylakoid membranes and 

photosystems are rebuilt enough for the cells to switch into a mixotrophic phase [28]. After 

approximately 48 hours of resuscitation, the glycogen storages are largely degraded and the 

photosynthetic machinery is completely restored, allowing the cells to switch back to phototrophic 

lifestyle and resuming cell growth [28]. While this process proceeds in a highly reproducible manner, 

transcriptomic and proteomic studies showed that it is operated by a genetically encoded resuscitation 

program that executes the timing of differential gene expression. Among the genes, which were the 

first to be induced upon start of resuscitation, the dacA gene belonged to the most strongly induced 

genes [28,31], indicating a significant regulatory role of c-di-AMP for the recalibration of metabolism 

during resuscitation. The present study was carried out with the aim to reveal in more detail the role 

of c-di-AMP metabolism in cyanobacteria awakening from dormancy. 

  



 

111 
 

Material and Methods: 

Cultivation, nitrogen stepdown and resuscitation, and colony PCR: 

Cells were cultivated in BG11 medium in shaking flasks, shaking at 120 rpm and continuous white light 

between 30 – 70 µE at 28 °C. Nitrogen starvation was induced by washing cells with the BG11-0 medium, 

which contains all BG11 components except for NaNO3. To induce resuscitation, 17.5 mM NaNO3 was 

added to the culture. Cell density was measured in a photometer Heλios δ (Thermo Fisher Scientific, 

Waltham, MA, USA) at OD750. The whole cell spectrum was measured in a spectrophotometer Specord 

50 (Analytik Jena GmbH, Jena, TH, Germany). The adapted strains were checked by colony PCR. 

Glycogen measurement: 

Glycogen amounts were measured using an enzymatic assay according to Gründel et al (2012), with 

modifications established by Klotz et al (2015). Two ml samples were taken, washed with water, and 

incubated in 30% KOH for 2 h at 95 °C. Then, ice-cold ethanol was added to a final concentration of 

75%, and glycogen precipitated overnight at −20 °C. Samples were then washed with 70 and 98% 

ethanol, spun down, the pellet dried, and the glycogen digested by the addition of a solution of 100mM 

sodium acetate and 4.4 U/µL amyloglucosidase (Sigma Aldrich, St. Louis, MO, USA) at pH 4.5 for 2 h. 

Then, 200 µL of the samples were mixed with 1 mL of 6 % O-toluidine in acetic acid and incubated for 

10 min at 100 °C. Absorbance was then measured at 635 nm using a Tecan Spark 10M (Tecan, 

Männerdorf, ZH, Switzerland). A glucose calibration curve was used to determine the glycogen amount 

in the samples. At least three biological replicates were measured for every condition. 

PS2 Yield with Pulse Amplitude Modulation (PAM) 

The yield of Photosystem II (PSII) was measured in vivo using a WATER-PAM chlorophyll fluorometer 

(Walz GmbH, Effeltrich,BY, Germany). The maximum PSII quantum yield was determined by saturation 

pulse. At least three biological replicates were measured, and each one in three technical replicates. 

ATP determination in the cells: 

One ml samples were taken from each culture in cultivation conditions and immediately frozen in liquid 

nitrogen. Samples were then stored at −80 °C until further processing. Cells were lysed by three cycles 

of cooking at 99 °C and flash freezing in liquid nitrogen. Debris was spun down at 25.000 g at 4 °C for 1 

min. The ATP content in the supernatant was measured according to the instructions of the “ATP 

determination kit’’ (Molecular Probes (A22066), Eugene, OR, USA). A 50 µL reaction mix containing 

reaction buffer, luciferin, and firefly luciferase was mixed with a 10 µL sample supernatant and 

measured in a Sirius Luminometer (Berthold Detection Systems, Bad Wildbad, BW, Germany). An ATP 

calibration curve was used to determine the ATP amount in the samples. At least three biological 

replicates were measured for every condition. 

Measurement of intracellular c-di-AMP concentration: 

10 ml of cells with an OD750 0.6 – 0.8 were harvested by vacuum filtration through glass microfibre 

membranes with a pore size of 1.2 µm (Whatman GF/C, Global Life Sciences Solutions Operations UK 

Ltd, Little Chalfont Buckinghamshire, UK, cat. no. 1822-025). The filter was transferred into a 2 ml 

reaction tube and frozen in liquid nitrogen. Samples were stored at – 80 °C until further processing. For 

that the filters were resuspended in 500 µl ice cold extraction solvent (acetonitrile/methanol/water 

2/2/1, v/v/v), incubated on ice for 15 minutes and then heated for 10 min at 95 °C. After cooling the 

samples on ice, they were centrifuged at 20.800 g and 4 °C for 10 minutes, the supernatant was 

transferred into a new reaction tube. Filters were resuspended in extraction solvent, incubated on ice, 
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and spun down two more times; the supernatants were added to the reaction tube with the one from 

the first run. The tubes with the combined supernatants were then stored over night at -20 °C. 

Afterwards, samples were centrifuged at 20.800 g and 4 °C for 10 minutes again, and the supernatant 

transferred into a new tube. Supernatant was then evaporated using a vacuum exicator RVC 2-

18(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, NI, Germany). Further sample 

preparation and measurement was done according to Selim et al, 2021. 

Membrane potential determination: 

Cells were stained using the dye Bis-(1,3-Dibutylbarbituric Acid)-trimethine axonol (DiBAC4(3)) (AAT 

Bioquest, Hamburg, HH, Germany, cat. no. 21411) dissolved in DMSO. Samples were taken in vegetative 

growth and at different times in chlorosis, cells were then stained with 10 µM DiBAC4(3) for 30 min in 

the dark. 10 µl of sample were then dropped onto an 1 % agarose-coated microscopy slide and imaged 

using a Leica DM5500 B (Wetzlar, HE, Germany) with an 100x/1.3 oil objective. A yellow fluorescent 

protein filter (excitation: 490 -510 nm, emission: 520 – 550 nm) was used for detection. 

Transmission Electron Microscopy: 

Samples for TEM were prepared, and images were taken as described in Watzer et al, 2015. 

Metabolome: 

For metabolome analysis, cells were cultivated and shifted as described above. For sampling, cells 

equating to an OD750 4 were sampled by vacuum filtration through glass microfibre membranes with a 

1.2 µm pore size (Whatman GF/C, Global Life Sciences Solutions Operations UK Ltd, Little Chalfont 

Buckinghamshire, UK) and washed with 10 ml BG11
0 medium. Filters were transferred into 2 ml reaction 

tubes and frozen in liquid nitrogen. 630 µl Methanol with 1 µl carnitine standard (1mg/ml) were added 

to the tubes with the filters and mechanical breaking of the filters ensued. This was facilitated by 

vigorous mixing, 10 min incubation in a sonication bath and 15 min shaking. Afterwards 400 µl 

chloroform were added and samples incubated for 10 min at 37 °C. Then, 800 µl ultrapure water were 

added and samples again shaken for 15 min before incubating them for at least 2 h at – 20 °C. Cell 

debris and filters were removed by centrifugation at 20.000 g and 4 °C for 5 min. The upper polar phase 

was transferred into a new tube and dried in a vacuum concentrator (Concentrator plus, Eppendorf SE, 

Hamburg, HH, Germany). The extracts were then resuspended in 200 µl deionised water and filtrated 

through 0.2 µm filters (Omnifix, B. Braun SE, Melsungen, HE, Germany). Analysis was performed with 

the high-performance liquid chromatograph mass spectrometer LCMS-7050 system (Shimadzu 

Corporation, Nakagyo-ku, Kyõto, Japan). LC-MS data analysis was performed with the Lab solution 

software package (Shimadzu Corporation, Nakagyo-ku, Kyõto, Japan). 

Recovery drop plate assay: 

Chlorotic cells were dropped onto a BG11 agar plate in a dilution series. The highest concentration 

equated to an OD750 1 with dilution steps of 1:10. 5 µl were dropped for each spot. Plates were then 

incubated at ~ 70 µE continuous white light at 28 °C for 7 days before imaging.  

  



 

113 
 

Results: 

Physiological role of c-di-AMP upon nitrogen starvation: 

Cyclic-di-AMP has been previously described as an important second messenger to enter and 

resuscitate from nitrogen depletion-induced chlorosis in Synechocystis [22] and in accord, the 

diadenylate cyclase gene dacA is strongly induced in the early phase of resuscitation [28]. Following 

these observations, we strived to identify the physiological relevance of c-di-AMP in chlorosis and 

resuscitation by characterising the c-di-AMP deficient ΔdacA knockout mutant. Therefore, we exposed 

both Synechocystis WT and ΔdacA to prolonged phases of nitrogen starvation before resuscitation was 

induced by the addition of nitrate. Measurement of the intracellular concentration of c-di-AMP showed 

that the levels of c-di-AMP in the wild-type peaked within the first day of chlorosis (fig. 1, A), indicating 

a higher requirement for the second messenger during metabolic recalibration. The c-di-AMP-deficient 

strain was incapable of producing measurable amounts thereof. During chlorosis, the cell colour 

changes from a green-blue to a yellow-orange pigmentation, because the photosynthetic machinery is 

mostly degraded and mainly carotenoids remain [25,26]. While the WT showed this typical colour 

change, the ΔdacA mutant turned completely white within 2 weeks of chlorosis, which is an indication 

of cell death (fig. 1, B). To quantify cell viability, we used the viability indicator dye bis-(1,3-

dibutylbarbituric acid)-trimethine oxonol (DiBAC4(3)), which stains depolarized cells. Within 3 weeks, 

approximately 75 % of the mutant cells were DiBAC4(3) positive indicating cell death (fig. 1, C, D). To 

find the reason for loss of viability, we investigated different physiological parameters. After nitrogen 

depletion the process of chlorosis begins with a final cell division, before growth arrest occurs [28,29]. 

Cultures of the ΔdacA mutant were unable to perform this last cell division upon nitrogen starvation 

(fig. 1, E), showing their inability to initiate a proper chlorosis response. The degradation of the 

photosynthetic machinery can be observed by pulse amplitude modulation (PAM) fluorometry as a 

proxy for photosystem II activity and by measuring phycobiliprotein absorbance at 625 nm. In both 

parameters, ΔdacA acts comparable to the WT (fig. 1, F, G). The quantification of intracellular ATP levels 

in WT cells showed a sudden drop to 20 % within 24 hours of nitrogen depletion reaching a plateau of 

approximately 40 % ATP as compared to vegetative growth. Strikingly, the sudden drop in ATP level did 

not occur in the ΔdacA mutant, further indicating its inability to adjust its metabolism to the onset of 

starvation (fig. 1, H). In fact, the ATP levels of ΔdacA even increased slightly during the first 2 days of 

chlorosis before dropping to lower levels after prolonged starvation. In agreement with previous 

studies, quantification of intracellular glycogen showed that glycogen levels in WT cells already peaked 

at maximum after one day of chlorosis with approximately. 120 µg/108 cells. By contrast, glycogen 

accumulation in the ΔdacA mutant was strongly retarded and diminished (fig.1, I), resembling the 

previously observed impairment in glycogen synthesis during diurnal growth [22]. To further 

characterize the morphological changes, which the cells undergo during chlorosis, we performed 

transmission electron microscopy (TEM) with WT and mutant cultures after 21 days of chlorosis (fig. 1, 

J). While WT cells showed the typical morphological characteristics of chlorotic cells like the 

accumulation of glycogen and polyhydroxybutyrate (PHB) granules, as well as a strongly reduced 

amount of thylakoid membranes, the cells in the ΔdacA cultures had a heterogenous appearance (fig. 

1, J). Many of the ΔdacA cells showed indications of plasmolysis, marked by a shrinkage of the 

cytoplasmic space with retraction of the cytoplasmic membrane from the cell envelope, while some 

cells remained WT-like (fig. 1, J). In cells, which showed plasmolysis, less PHB granules were found, and 

the thylakoid membranes appeared to be completely degraded. The observed plasmolysis ranged from 

less shrinkage in some cells to a shrinkage of the cytoplasm up to half its original size in others. This 

phenotype indicates a failure to control cell turgor, which is in agreement with previously reported 

influence of c-di-AMP on ion homeostasis [7,15,17]. 
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To reveal further metabolic consequences of the lack of c-di-AMP during chlorosis, different 

metabolites were quantified using LC-MS (fig. 2). Amino acid levels in the WT showed different profiles. 

Some amino acids showed increased levels, peaking in early stages of chlorosis, visible for example for 

lysine (fig. 2, B), likely due to proteolytic degradation of different cellular structures. A second group 

remained constant, as observed for glutamine (fig. 2, A). A third group declined immediately in 

response to nitrogen starvation, as observed for glutamate (fig. 2, A) or tryptophane (fig. 2, C). Several 

amino acids show greatly increased or reduced levels in the ΔdacA strain in comparison to the WT. 

Strikingly, glutamate levels increased in response to N-deprivation, as opposed to the wild-type. 

Glutamate is of particular relevance as it fulfills multiple roles in bacterial metabolism. It is the primary 

pivot point in nitrogen metabolism, it is/ as well as the precursor for many metabolites including 

tetrapyrroles and in maintaining intracellular pH and turgor [15]. In the WT, N-depletion causes a rapid 

drop in cellular glutamate levels whereas the glutamine levels remain at high levels. This pattern has 

been observed repeatedly in nitrogen starved Synechocystis cells [33,35]. It indicates a tight control of 

the GS-GOGAT cycle. Since the ΔdacA strain does not follow this pattern, it appears that the cells are 

unable to properly control the GS-GOGAT cycle. 

Moreover, proline (fig. 2, A), aspartate, methionine (fig. 2, B) and tryptophane (fig. 2, C) show 

significantly increased levels in the ΔdacA mutant in the first week of chlorosis in comparison to the 

WT. The levels of aspartate and methionine (fig. 2, B) increase significantly within the first 3 days of 

chlorosis in the mutant. The overall increased level of proline in the mutant (fig. 2, A) is possibly coupled 

to its function as osmolyte, since c-di-AMP deficient strains are reportedly under osmotic stress 

[9,10,36]. For lysine and isoleucine, the mutant displayed lower levels as compared to the WT, 

indicating perturbation in amino acid turn-over. The massive increase in methionine levels in the 

mutant is striking. In the WT, the methionine levels remain low during vegetative growth as well as 

during N-starvation. Methionine has multiple roles in metabolism: As the initiating amino acid in 

protein synthesis as well as precursor for the methyl-group transfer factor S-adenosine-L-methionine 

(SAM) [37]. The strong deviation of methionine levels from equilibrium in the ΔdacA mutant could have 

detrimental metabolic consequences. At present, we cannot distinguish if the elevated methionine 

levels are causative or the consequence of metabolic perturbations. 

 

Significance of c-di-AMP in resuscitation and the appearance of suppressor mutations: 

Chlorosis and resuscitation from this dormant state are independent cellular processes, which, 

however, depend on each other. As we showed previously, c-di-AMP is essential for cell viability during 

nitrogen starvation. The fact that the dacA gene is early induced in the resuscitation process implies an 

important role of c-di-AMP in resuscitation. To investigate the role of c-di-AMP on resuscitation, we 

started the resuscitation of chlorotic cells by the addition of nitrate. Subsequently, we measured the c-

di-AMP levels throughout resuscitation (fig. 3, A). In agreement with previous studies showing early 

expression of dacA [28,31], c-di-AMP levels peaked at approximately 25 µM/cell 8 hours after initiation 

of resuscitation, before dropping back to circa 5 µM/cell (fig. 3, A). No c-di-AMP was measurable in the 

mutant for the samples collected in the final stage of chlorosis. To investigate the overall ability to 

recover, samples were taken after 14 days of chlorosis, and dropped on BG11 plates in a dilution series 

and left to recover and grow for 7 days. The ΔdacA mutant, lacked behind the WT by 3 orders of 

magnitudes, thus showing a delayed resuscitation and growth thereafter in these recovery drop plate 

assays (fig. 3, D). This observation could be explained by the large number of dead cells in the culture 

(fig. 1, C, D). That the entire resuscitation program was heavily impaired in the dacA deficient strain 

was visible in all cellular parameters, such as the increase in ATP levels (fig. 3, B), reconstitution of 
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photosynthetic capacity as determined by PAM fluorometry (fig. 3, C) and the overall re-greening 

process [22]. 

Despite the fact that the ΔdacA mutant was heavily impaired in resuscitation, after prolonged time of 

resuscitation, viable cells of the ΔdacA mutant re-appeared. Thus, we checked the recovered cultures 

for presence of a functional dacA gene via colony PCR (fig. 3, E). We found that the recovered cells had 

regained the ability to synthesise c-di-AMP and accumulated even higher amounts of c-di-AMP, up to 

70 % higher than in the WT. Analysis of the dacA gene by colony PCR showed reconstitution of the wild-

type gene indicating that the interrupting resistance cassette has been excised from the dacA gene (fig. 

3, F). Since these revertants retained the antibiotic resistance, the resistance cassette was presumably 

inserted in a different chromosomal locus. To check the original phenotype of the ΔdacA mutant, the 

cultures were subjected to a second chlorosis procedure. In the adapted strain, chlorosis proceeded as 

in the WT (fig. 3, G) and the adapted strain was also able to perform the typical last cell division at the 

entry of chlorosis (fig. 3, H). The frequent appearance of revertants highlights the selective pressure to 

maintain c-di-AMP synthesis during the process of chlorosis and resuscitation. However, the rapid 

appearance of revertants makes the interpretation of resuscitation experiments difficult, as the 

population becomes more and more heterogenous during resuscitation.  
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Discussion: 

C-di-AMP has been previously described to play a significant role in osmotic stress and ion homeostasis 

in firmicutes [8–10,15–17], which was also highlighted for cyanobacteria in recent publications [21–

23]. During standard vegetative growth under constant illumination, c-di-AMP regulation seemed 

dispensable. However, the role of c-di-AMP in various acclimation processes remained unknown so far. 

Here, we found that c-di-AMP is essential in the process of chlorosis, a switch to metabolic quiescence 

to survive times of nutrient limitation. Thus, in early chlorosis, when adaptation of the whole cell 

metabolism to nutrient starvation is in progress, an increased level of c-di-AMP appears to be necessary 

to tightly regulate osmotic/ionic homeostasis. Consequently, the lack of intracellular c-di-AMP causes 

cell death (fig. 1, B - D, fig. 3, G). Striking differences were observed between WT and ΔdacA mutant 

with respect to ATP and glycogen levels. In earlier publications [22], activation of the glycogen 

branching enzyme GlgB by a complex of c-di-AMP and the PII-like carbon regulator protein SbtB, has 

been reported [22]. However, the ΔsbtB knockout strain did not show a phenotype in chlorosis and 

produced WT-like levels of glycogen under these conditions. Thus, the involvement of c-di-AMP in 

glycogen synthesis during nitrogen starvation appears to be independent of SbtB. However, the 

synthesis of glycogen requires energy. Precursors for glycogen synthesis are derived from glycerate-3-

phosphate, the product of carbon fixation by ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO). Conversion of glycerate-3-phosphate to ADP-Glucosem the building block of glycogen[38], 

requires 3 ATP. The higher ATP level in ΔdacA during the first days of chlorosis could be related to this 

missing synthesis. Another possible sink for ATP is amino acid and protein synthesis. The ΔdacA strain 

showed higher levels of several amino acids in chlorosis (fig. 2), which could be attributed to lacking 

protein synthesis, also consuming less ATP. 

The impaired osmotic and ionic stress response of the ΔdacA mutant in chlorosis is also visible in TEM 

images (fig. 1, J). In a culture of the ΔdacA strain after 21 days of chlorosis, cells appeared heterogenous. 

Some cells were comparable to the WT, while others experienced plasmolysis to varying degrees, 

ranging from small spaces to a reduction of the cytoplasm to approximately 50 % (fig. 1, J). Starvation 

induced shrinkage of the cytoplasm has been reported for bacteria previously [39,40]. A reduction of 

the cytoplasmic volume can keep intracellular concentrations of metabolites and enzymes high to help 

move pathways along and reduce the amount of undesired intermediates in the cytoplasm, as the 

authors suggested. This explanation would need to be proven by live/dead staining and paying special 

care to cell form and fluorescent area. With the microscopic pictures taken for this study, distinguishing 

whether cells had a reduced cytoplasm or not and whether these cells were alive was not consistently 

possible. In firmicutes, it has been reported that cells with a high intracellular c-di-AMP concentration 

have their K+-ion uptake inhibited [41] and thus loose water in this hypertonic condition. For the ΔdacA 

strain, a loss of water due to impaired ion homeostasis could also be possible. In a transcriptomic 

analysis of ΔdacA, it was found that the expression of sodium proton antiporter encoding genes nhaS4 

and nhaS6 is higher in the mutant [42]. When cells are shifted to nitrogen-deprived medium, the Na+ 

concentration decreases from 22.5 mM to 5.5 mM. This reduction could lead the Na+/H+ antiporters 

NhaS4 and NhaS6 to export Na+ ions together with water, leading to a shrinkage of the cytoplasm. In 

previous work, a Na+ gradient has been described as essential for bioenergetics after the early stage of 

chlorosis [34]. The WT-like levels of ATP in the later stages of chlorosis (fig. 1, H) indicate that this 

gradient is still functioning in the living cells. The increased levels of ATP in the ΔdacA strain in 

comparison to the WT in early chlorosis are likely caused by different factors, like the missing glycogen 

synthesis, an ATP-consuming set of reactions. 
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In agreement with the assumption of ionic and osmotic stress, the levels of glutamate in the ΔdacA 

strain are elevated upon nitrogen starvation (fig. 2, A), which seems contradictory to the nitrogen 

starvation condition causing chlorosis. Nitrogen is assimilated and converted into glutamine and 

glutamate through the glutamine-synthetase-glutamate-synthase (GS-GOGAT) cycle. The GS reaction 

requires glutamate, ammonia and ATP. During nitrogen starvation, the supply of ammonia drops off, 

slowing down the GS reaction. The GOGAT reaction uses glutamine and 2-oxoglutarate as substrates, 

yielding 2 glutamate molecules per reaction. Subsequently, nitrogen is distributed in anabolic reactions 

mainly through aminotransferase reactions starting from glutamate.  The rapid decline of glutamate 

levels in the WT indicates a reduced GOGAT turn-over. The inverse regulation in the ΔdacA mutant 

indicates involvement of c-di-AMP in regulating the GOGAT reaction. However, these effects appear to 

be mediated indirectly, as neither the GOGAT nor an associated protein has been found in previous c-

di-AMP based pulldowns [22]. However, in those pulldowns, GS inhibition factors 7 and 17 (products 

of genes gifA and gifB) have been found. This points towards a so far unknown mechanism of regulation 

of the GS-GOGAT cycle by c-di-AMP. In a proteome analysis of the ΔdacA mutant in diurnal rhythm, a 

trend to a dysregulation of the global nitrogen regulator NtcA was observed (unpublished results). The 

increased glutamate levels might also be required to balance the rising intracellular cation 

concentrations. In firmicutes, K+ homeostasis is regulated by c-di-AMP [7,41] and in cyanobacteria, 

multiple different ion transporters have been found to potentially bind c-di-AMP [22]. The metabolic 

switch from vegetative growth to nitrogen starvation induced quiescence reduces the levels of free 

glutamate and thus the buffering capabilities of the cytoplasm [43]. The intracellular accumulation of 

glutamate in the ΔdacA strain throughout the first week of chlorosis is unexpected but could counteract 

a dysregulation of cation homeostasis in the mutant. Supporting this hypothesis as well is the increased 

level of proline in the mutant throughout chlorosis. Proline can serve as an osmolyte in cells [44–46] 

and can stabilise osmotic stress without addition of a charge difference, as an increase in cations would. 

Proline synthesis requires glutamate, so the increasing levels of proline could be a spillover of the high 

glutamate level. This compares to the levels of aspartate, whose synthesis also requires glutamate, and 

which also shows increased levels in the mutant throughout the first week of chlorosis (fig. 2, B). In 

contrast, the level of lysine, which is significantly lower in the ΔdacA strain than in the WT (fig. 2, B), 

depends on glutamate in its synthesis as well. Methionine also shows a significantly higher level in the 

ΔdacA strain. After 7 days of nitrogen starvation, the amount of free methionine in the mutant is 

approximately 23 times higher than in vegetative growth (fig. 2, B). As it is the initiating amino acid in 

translation, this could indicate a disturbance in protein synthesis. Protein synthesis in early chlorosis of 

Synechocystis is directed to proteins essential for resuscitation, while the synthesis of other proteins is 

arrested [26,47]. A diminished synthesis of these essential proteins could easily turn lethal for cells.  

Chlorosis is a severe stress condition in which the ΔdacA strain shows large phenotypical differences to 

the WT, culminating in a high cell death rate (fig. 1, G – I), but not total cell death. The observed 

heterogeneity of the ΔdacA strain after 21 days of chlorosis (fig. 1, J) can be attributed to the 

appearance of suppressor mutations under selective pressure. Similar appearances of suppressor 

mutations in c-di-AMP deficient strains have been previously reported for firmicutes upon conditions 

of elevated selective pressure [8–10,15–17]. Investigation of the recovered cultures revealed a restored 

dacA gene (fig. 3, E) and these cultures exhibited WT-like behaviour (fig. 3, D, G – I), underlining the 

essentiality of c-di-AMP to cope with stress conditions in a changing environment. It is likely that not 

all 25 % viable mutant cells after 21 days of chlorosis are sufficiently adapted, as resuscitation from a 

dormant state is a second selective pressure to survive. In the drop assay, the recovery of a first time 

chlorotic ΔdacA strain was 2 magnitudes lower than the WT (fig. 3, D), indicating a low amount of cells 

being able to resuscitate. Of these cells, approximately 1 %, were able to reconstitute the dacA gene 

and thus, the c-di-AMP production. 
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The ionic and osmotic stress caused by the change of cell metabolism resurfaces when chlorotic cells 

are presented with a source of fixed nitrogen. The expression of the dacA gene and the protein levels 

of DacA peak within the first 12 hours of resuscitation [28,31]. Consequently, c-di-AMP levels peak at 

8 hours after addition of nitrate (fig. 3, A). A tight control of ion homeostasis is necessary, as the cell 

metabolism is re-established, and co-factors are required. Interpretation of the obtained results for the 

mutant is difficult, as the resuscitating cultures are adapted strains that survived both chlorosis and 

recovery due to their suppressor mutations. Interestingly, even the adapted cells were unable to 

produce c-di-AMP in resuscitation (fig. 3, A) but had to reach vegetative growth to have measurable 

amounts again (fig. 3, F). This means that the adapted mutants were able to survive chlorosis and 

resuscitation independent of the availability of c-di-AMP, due to secondary mutations. To identify 

those, additional research would be required, but overall and in regard to the literature, it can be 

assumed that ion transporters, osmolyte synthesising pathways and osmolyte uptake systems have to 

been changed. 

In this study, we were able to show the importance of c-di-AMP in the adaption to fluctuating nitrogen 

levels, especially during the global cellular process of chlorosis. Cells lacking c-di-AMP were revealed 

to die under nitrogen limitation, leading to the occurrence of suppressor mutations. Although the 

mechanism how c—di-AMP influences nitrogen assimilation remains obscure, this study points 

towards a substantial influence of c-di-AMP in controlling nitrogen assimilation. Additionally, the 

influence of c-di-AMP on ion and osmolyte homeostasis was visualised in form of the observed 

plasmolysis. Knowledge about c-di-AMP is ever increasing and there appears to be no end to the global 

influence it has in bacterial cells. 
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Supplementaries 

Tab. S1: Metabolome data of Synechocystis WT and ΔdacA in early chlorosis. 
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Fig. 1: Parameters during chlorosis  (A) depicts the ratio of c-di-AMP during chlorosis , normalised to vegetative
growth (timepoint 0). (B) shows a wildtype (WT) and  dacA culture after 2 weeks of chlorosis . (C) shows
microscopic pictures of WT and  dacA after 21 days of chlorosis in phase contrast (left), fluorescence (middle )
and the overlay (right). (D) depicts the amount of dead cells per culture in percent over 21 days of chlorosis . (E)
shows the change in OD750over time after initiation of chlorosis , indicating change in cell mass ; (F) the
quantum yield of the photosystem 2 during chlorosis, G  Gain, P   PM-Gain; (G) the Absorbance at 685 nm
normalised to the absorbanceat 750 nm over the first week of chlorosis , indicating the presence of
phycobilisomes in relation to total cell mass ; (H) the amount of glycogen during chlorosis ; and (I) the levels of
ATP throughout two weeks of chlorosis. (J) are pictures from transmission electron microscopy after
21 days of chlorosis. Top shows WT and bottom  dacA, on the left are overview pictures and to the
right pictures of single cells. For all graphs, black colour signifies WT and grey  dacA . Each data-point

represents measured triplicates. Error bars represent the SD.
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Fig. 2:Meta olitesduring chlorosis (A-C) depict
members of different amino acid families, members of the
(A) glutamate based family, (B) oxaloacetatebased famil y
and (C) tryptophan and isoleucine. Each data-point
represents measured triplicates except for time point zero,
which are unicates. Error bars represent the SD.
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Fig. 3:   er ie of resuscitation and ada tation  (A) depicts the levels of c-
di-AMP during resuscitation, (B) the ATP levels in nm/10 8 cellsand (C) the
quantum yield of PS2 measured by PAM during resuscitationand the gain and
PM-gainwith which the measurement was done for each strain. (D) shows a
recovery drop assaysof WT, fresh  dacA and adapted  dacA cultures after 2
weeks of chlorosis. Dropped cultures were able to recover and grow for 7 days
before picturewas taken. (E) shows an agarosegel of a colonyPCR to check
for reconstitution of the dacA gene in the adapted strain. M   Marker, WT  
wild type, adapted  adapted  dacA strain. (F) depicts the concentrationof c-
di-AMP in µM per cell in vegetative growth, (G) shows cultures of WT and
mutant after 14 days of chlorosis. (H) depicts the OD750as an indicationof cel l
mass and (I) the amount of glycogen throughout chlorosis. Each data-point
represents measured triplicates. Error bars represent the SD.  dacA cultures
were adapted by sending them through chlorosisand resuscitationand
cultivation of the survivingcells.
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