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Zusammenfassung 

Cytokinine (CK) sind eine Gruppe von Pflanzenhormonen, welche eine wichtige Rolle bei 

der Entwicklung von Wurzelknºllchen spielen. Letztere beherbergen Rhizobien wie 

Sinorhizobium meliloti, welche durch die Fixierung von atmosphªrischem Stickstoff (N2) das 

¦berleben von Leguminosen in stickstoffarmen Bºden sicherstellen. Vor kurzem wurde 

gezeigt, dass S. meliloti potentiell auftretende sekundªre Wurzelhaarinfektionen durch 

einen Clr-3',5'-cAMP-abhªngigen autoregulation of infection (AOI)-Regulationsweg 

verringert.  

Diese Arbeit stellt die Fªhigkeit von S. meliloti vor, CK-Phytohormone wahrzunehmen und 

auf diese mit einer cAMP-abhªngigen Signaltransduktionskaskade zu reagieren. 

Untersuchungen einer AC/GC (f¿r Adenylat/Guanylatzyklase) Deletionsmutantenbibliothek 

und anschlieÇende Genkomplementationsstudien ermºglichten die Identifizierung von 

CyaB, welche als alleinige AC/GC auf die CK iP (N6-(æ2-isopentenyl)adenin), tZ (trans-

Zeatin), kinetin und 6-BAP (6-benzylaminopurin) reagiert. Promotoranalysen, 

Proteinverk¿rzungsstudien und die Untersuchung der Populationsreaktion trugen dazu bei, 

die CK-CyaB-Reaktion auf verschiedensten Ebenen zu charakterisieren. Proteinextraktion 

und anschlieÇende Proteomanalysen von S. meliloti ermºglichten die Untersuchung von 

CK- und auch CyaB-abhªngigen physiologischen Kurz- und Langzeitanpassungen. Die 

festgestellten proteomischen Verªnderungen zeigten nicht nur eine CyaB-abhªngige CK-

Antwort von S. meliloti, die zu einer erhºhten Abundanz des Clr-Regulon-Proteins 

SMb20495 f¿hrte, sondern deckten auch eine CyaB-unabhªngige CK-Antwort auf, die 

mºglicherweise auf einen Abwehrmechanismus gegen Verbindungen der Isochinolin-

Alkaloid-Gruppe hinweist, einem bekannten Toxin, das in der antibakteriellen Abwehr von 

Pflanzen eingesetzt wird. 

Phylogenetische Analysen ergaben, dass CyaB bei Vertretern von Rhizobiaceae 

konserviert ist. AnschlieÇend wurden Komplementationsstudien durchgef¿hrt, bei denen 

jeweils eine orthologe cyaB-Gensequenz aus einem freilebenden, einem 

pflanzensymbiontischen und einem pflanzenpathogenen Vertreter getestet wurde. Alle 

getesteten Orthologe wiesen eine Konservierung der CK-abhªngigen cAMP-Antwort auf, 

mit jedoch zum Teil deutlich unterschiedlich stark ausgeprªgten Reaktionen auf das exogen 

zugef¿hrte CK iP. Des Weiteren ergaben Co-Immunoprªzipitation (CoIP) und bacterial two 

hybrid-Experimente, dass das MEP assoziierte Syntheseprotein 1-Desoxyxylulose-5-

Phosphat-Synthase (Dxs) ein Interaktionspartner von CyaB ist. Diese Interaktion war 

zudem auch bei den untersuchten CyaB-Orthologen konserviert. Darauffolgende HPLC-

Analysen von Metaboliten des MEP-Stoffwechselweges zeigten einen CK- und CyaB-

abhªngigen Anstieg von DMAPP, einem wichtigen Zwischenprodukt des MEP-
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Syntheseweges. Der Verlust von CyaB f¿hrte zudem zu einer verminderten Hªufigkeit von 

Proteinen des Thiamin-Stoffwechselweges, einem weiteren Stoffwechselweg, an welchem 

Dxs beteiligt ist. Diese Interaktion deutet auf eine Wechselwirkung zwischen der hier 

entdeckten CK-CyaB-cAMP-Reaktion und den zentralen und Dxs-assoziierten MEP- und 

Thiaminstoffwechselwegen hin. 
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Abstract 

Cytokinins (CK) are a group of plant hormones, which were shown to be a major player 

during the development of root nodules, harboring N2 fixing rhizobia like Sinorhizobium 

meliloti, to ensure the survival of leguminous plants in nitrogen-depleted soil. Recently it 

was shown that S. meliloti supports this symbiotic interaction by regulating occurrence of 

secondary root hair infections through the Clr-3ô,5ô-cAMP dependent autoregulation of 

infection (AOI) pathway. 

This thesis presents a connection between CK phytohormone perception and a concomitant 

cAMP response of S. meliloti via screening of an AC/GC (for adenylate/ guanylate cyclase) 

mutant library. Subsequent gene complementation studies led to the identification of CyaB 

as the sole CK-responding AC/GC, responding to the compounds iP (N6-(æ2-

isopentenyl)adenine), tZ (trans-Zeatin), kinetin and 6-BAP (6-benzylaminopurine). 

Promoter analysis, protein truncations and investigation of the population response helped 

characterizing the CK-CyaB response at different levels. Inspection of CK-, but also CyaB-

dependent physiological short- and long-term changes was carried out via analysis of the 

S. meliloti whole cell proteome after application of exogenous iP. Detected proteomic 

changes not only displayed a CyaB-dependent CK response of S. meliloti, resulting in 

increased abundance of the Clr-regulon protein SMb20495, but also uncovered a CyaB-

independent CK response, potentially hinting on a defense mechanism against compounds 

of the isoquinoline alkaloid group, a known toxin implicated in anti-bacterial plant defense. 

Phylogenetic analysis revealed a conservation of CyaB among representatives of 

Rhizobiaceae. Subsequent complementation studies were carried out utilizing cyaB gene 

orthologs from a free-living, plant-symbiotic and plant-pathogenic species. This revealed an 

overall conserved, but also varying catalytic response of the here tested orthologs to the 

CK compound iP. Additionally, co-immunoprecipitation (CoIP) and bacterial two hybrid 

experiments revealed the MEP pathway protein 1-deoxyxylulose-5-phosphate synthase 

Dxs as an interaction partner of CyaB. The interaction with Dxs was also conserved for the 

tested CyaB orthologs. Further, HPLC analysis of MEP pathway metabolites revealed a CK- 

and CyaB-dependent increase of DMAPP, a crucial downstream product of the MEP 

pathway. On the other hand, loss of CyaB resulted in the decreased abundance of proteins 

of the thiamine synthesis pathway, another pathway Dxs activity is involved in. This 

interaction suggests a connection between the CK-CyaB-cAMP response and the central 

Dxs-dependent metabolic MEP and thiamine synthesis pathways.
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Abbreviations 

abbreviation meaning abbreviation meaning 

Ĭ g  times gravity IPP isopentenyl pyrophosphate 

ÁC decrease Celsius IPTG 
isopropyl ɓ-D-1-

thiogalactopyranoside  

Õg microgram IT infection thread 

ÕL microlitre kb kilobases 

ÕM micromolar kDa kilodalton 

Õm micrometer Kmr kanamycin resistance 

6-BAP 6-benzylaminopurine  L litre 

¡ Angstrom LCO lipo-chitooligosaccharide 

aa amino acid M molar (mol/ L) 

AMP/ ADP/ 

ATP 

adenosine mono-/ di-/ 

triphosphate 
m meter 

Ampr ampicillin resistance mg milligram 

AOI autoregulation of infection min minute 

AON autoregulation of nodulation mL millilitre 

approx. approximately mM millimolar 

BLAST 
Basic Local Alignment 

Search Tool 
mm millimeter 

BLASTP protein BLAST  n.s. not significant 

bp base pair NBD nucleotide-binding domain 

cAMP 
cyclic adenosine 

monophosphate 
ng nanogram 

c-di-AMP 
cyclic di-adenosine 

monophosphate 
nM nanomolar 

c-di-GMP 
cyclic di-guanosine 

monophosphate 
nm nanometer 

cDN cyclic di-nucleotide NSM 
nucleotide second 

messenger 

cGAMP 
cyclic adenosine-guanosine 

monophosphate 
nt nucleotide 

cGMP 
cyclic guanosine 

monophosphate 
N-terminus Amino-Terminus 

cMN cyclic mono-nucleotide OD600 
optical density at a 

wavelength of 600 nm 

Cmr chloramphenicol resistance OH hydroxy/ hydroxyl 

C-terminus Carboxy-Terminus PCR polymerase chain reaction 

cTN cyclic tri-nucleotide PDB protein data bank 

Da Dalton pH potentia Hydrogenii 
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dai days after inoculation Pxyz promoter of xyz 

DBD DNA-binding domain RBS ribosome binding site 

DHAP glycerone phosphate RFU relative fluorescence 

DMAPP dimethylallyl pyrophosphate RLU relative luminescence 

DNA deoxyribonucleic acid RNA ribonucleic acid 

e.g. example given RNAP RNA-polymerase 

ECR extrachromosomal replicon rpm revolutions per minute 

eGFP 
enhanced green fluorescent 

protein 
rRNA ribosomal RNA 

EPS exopolysaccharide s seconds 

et al. et alii (and others) Spr spectinomycin resistance 

Fig.  figure Strr streptomycin resistance 

g gram Tcr tetracycline resistance 

G3P/ GAP glyceraldehyde-3-phosphate TPP thiamine diphosphate 

GMP/ GDP/ 

GTP 

guanosine mono-/ di-/ 

triphosphate 
tZ trans-Zeatin 

Gmr gentamycin resistance U unit 

h hour UV ultraviolet 

His histidine V volt 

HPLC 
High-performance liquid 

chromatography 
WT wild type 

IAA indole-3-acetic acid  X-Gal 
5-bromo-4-chloro-3-indolyl-ɓ-

D-galactopyranoside 

iP N6-(æ2-isopentenyl)adenine    
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1 Introduction 

1.1 - Symbiosis between plants and rhizobia ï emergence of nitrogen 

fixing root nodules 

All organisms need to constantly adapt to varying environmental changes. Those varying 

conditions can either be of abiotic (e.g. pH, heat or drought), or of biotic nature. The latter 

can manifest in either a disadvantageous interaction for one and favorable for the other 

(e.g. pathogenic), favorable for just one and unharmful for the other (e.g. commensalism) 

or a favorable interaction for both organisms (e.g. symbiotic). 

Upon nitrogen starvation, leguminous plants like Medicago truncatula (barrel medic) or M. 

sativa (alfalfa) need to engage in a symbiotic interaction with rhizobia like Sinorhizobium 

meliloti. Entering into this symbiotic interaction proves to be a challenging task, since plants 

constantly need to differentiate between friend and foe. While defending themselves against 

the latter, they put a high effort in cooperating with the former. To do so, they locally 

reorganize the gene expression, metabolism and cellular structure of root cells in a 

spatiotemporal manner. Taken together, all those changes give rise to a new plant organ, 

the root nodule. Root nodules host the symbiotic partner, whose purpose is to fix 

atmospheric nitrogen (N2) and provide it in the form of ammonia to the plant. In exchange 

the plant host provides carbon sources to the microsymbiont in the form of dicarboxylic 

acids like malate (for a review see Booth et al. 2021(1)). 

Depending on the host, two types of nodules have been described: the indeterminate 

nodules, forming on plants like M. sativa and M. truncatula and determinate nodules, 

forming on plants like Lotus japonicus or Glycine max (soybean). Indeterminate nodules are 

characterized by the presence of a persistent meristematic zone, where plant cells 

constantly divide (also termed zone I). This zone is the most distal to the root. Adjacent to 

the meristematic zone I is the infection zone II, where the newly divided plant cells are 

penetrated by an infection thread, which contains rhizobia. Bacteria are released and 

differentiate into bacteroids in the interzone between zone II and zone III. The latter zone III 

contains fully differentiated bacteroid cells, which fix atmospheric N2. The last zone is the 

senescence zone IV, where old bacteroid cells are degraded and nutrients get recycled (see 

1.1.2.4 Fig. 3). In contrast to indeterminate nodules, the determinate nodule type is 

characterized by the absence of a meristematic zone, harboring constantly dividing cells. 

Additionally, all developmental stages, meaning the infection, differentiation, nitrogen 

fixation and finally senescence of all infected cells within the nodule are synchronized. 

Due to the agricultural importance of the rhizobia-legume symbiosis, this interaction has 

been a major subject to research over the last decades. Up to this point, hundreds of genes 
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and proteins were characterized, which play a crucial role in nodule development (for a 

detailed review see for example Roy et al. 2020(2)). In the following section(s), I will give an 

overview over the different developmental stages of rhizobia-legume symbiosis, resulting in 

formation of nitrogen fixing root nodules. 

1.1.1 - Initiation and plant root hair infection 

1.1.1.1 - Initial signal molecule exchange 

Initiation of the symbiosis between leguminous plants like M. sativa or M. truncatula with its 

interaction partner S. meliloti, resulting in indeterminate nodule formation, entail a great 

communicational effort between both partners. Upon nitrogen starvation, M. truncatula 

produces flavonoid compounds (e.g. luteolin or genistein) and secretes them into the 

rhizosphere, where they can be perceived by S. meliloti in a NodD1-dependent manner(3). 

NodD1 is a LysR-transcriptional regulator, which binds flavonoids and in turn mediates the 

transcriptional activation of nod-operon genes(4). This results in production of the signaling 

compound LCO (for lipo-chitooligosaccharide), also known as NF (for Nod Factor), by S. 

meliloti. The signaling molecule consist of a ɓ-1,4-linked N-acetyl-D-glucosamine, which 

can be further decorated with a variety of different residues like methyl, acetyl or sulphuryl(5). 

The core NF structure is produced by the NodABC proteins, whereas the decoration with 

various side residues can be performed by other Nod proteins like NodPQ or NodFEL(6ï9). 

The decorations of the NF also play a crucial role in defining the host range of the producing 

microsymbiont(5). Export of the mature NF-signaling compounds can be mediated via the 

ABC-transporters NodI and NodJ(10). 

1.1.1.2 - Root hair infection 

Crucial for root hair infection are two steps: I) root hair colonization by the rhizobia and II) 

root hair curling entrapping the interaction partner, concomitantly resulting in infection 

thread (IT) formation (Fig. 1). 

In the first step, bacteria directly attach to and encase parts of the root hair tip forming a 

biofilm(11). After adhesion to the root hair, rhizobia produce EPS (for exopolysaccharide), 

LPSs (for lipopolysaccharide) and cellulose to encapsulate themselves in a biofilm(12ï15). IT 

formation is initiated by the perception of mature NF by plant LysM-receptor kinases. These 

receptor kinases are located in the root hair membrane(16) and allosterically bind the NF(17). 

Additionally, LysM-receptor kinases are crucial for defining the host range by a stringent 

NF-binding specificity(18).  

Perception of NF triggers many different cellular processes needed for establishing a 

successful infection. For example, perception of NF can in turn trigger an increased 

production and secretion of flavonoid compounds like hesperetin at the location of bacterial 

infection, effectively resulting in a positive feedback loop between both signaling 
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molecules(19). As another consequence of NF perception, Ca2+ concentrations within the 

nucleus of root hair cells dramatically increase, which is followed by a distinct Ca2+-

oscillation pattern(20,21). Ion channel proteins located in the nuclear membrane, are 

necessary for generating this Ca2+-oscillation pattern(22ï24). Consecutively, the Ca2+-

oscillations are perceived by Ca2+-calmodulin dependent protein kinases (CCaMK), which 

in turn phosphorylate transcriptional regulators, leading to transcriptional activation of 

various genes essential for nodulation(25,26). Finally, NF perception also triggers a major 

cytoskeleton rearrangement, resulting in root hair curling and capturing of the interaction 

partner in a so-called infection pocket (reviewed by e.g. Jones et al. 2007(27), Fig. 1). Root 

hair curling appears to be (at least partially) in a Ca2+ dependent manner(28). Within the 

infection pocket, the trapped rhizobia can divide prior to infecting the root hair via an IT. 

Formation of the IT is achieved by partial degradation of the plant cell wall at the infection 

site, followed by invagination of the plasma membrane(29). Degradation of the cell wall is 

achieved by plant derived enzymes like e.g. pectate lyases or pectin methyl esterases 

(PME)(30,31). Invagination of the plasma membrane, as well as formation and elongation of 

the IT, involves many proteins like flotillins and remorins or ARPs (for actin related protein). 

Those proteins orchestrate membrane trafficking towards the forming IT, or resolve thick 

actin bundles into a more diffused state, respectively(32ï34). Additionally, the root hair cell 

nucleus is repositioned to the site of IT-formation and is directly connected to the emerging 

IT via actin-bundles, priming the way for the IT through the root hair(35,36). This helps guiding 

the IT to the opposite site of the root hair cell towards the cortical cell layer(36). 

Despite NFs, other molecules like succinoglycan (EPS I) or galactoglucan (EPS II) are 

crucial for signaling the plant the presence of a ñfriendly" interaction partner. Both EPS I and 

EPS II can be perceived by the plant throughout the infection process and the absence of 

the right molecule can lead to a delayed infection at best or complete abolishment of the 

symbiotic interaction in the worst case(37). EPS is also involved in defining host-specificity. 

For infection of M. truncatula by S. meliloti, EPS I is essential for establishing the infection, 

whereas EPS II is dispensable(38). Contrary to this, both, EPS I and EPS II, are capable of 

mediating a successful infection between S. meliloti and its other host-legume M. sativa, 

although EPS I mediated infection is more efficient(39). LysM-domain containing EPR 

proteins (for EPS receptor), located in the plasma membrane, are responsible for EPS 

recognition on the plant side(40). 
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Fig. 1: Rhizobial infection of the plant root hair cell. 
Representation of the rhizobial infection process of leguminous root hair cells. In the first step, the plant secrets 
signaling compounds called flavonoids (1) into the rhizosphere. These compounds can be perceived by rhizobia 
(2), which in turn respond to the plant by production and secretion of lipochitooligosaccharide (LCO) compounds 
called Nodulation Factor (NF, 3). Concomitantly, the root hair perceives the NF and curls, entrapping rhizobia in 
the process. This forms an infection pocket, where bacteria can divide (3-4). Next, the root hair cell membrane 
invaginates and grows inward, resulting in the formation of a tubular structure called infection thread (IT). This 
IT is attached via cytoskeleton compounds (e.g. actin) to the cell nucleus (N), which forms a pre-IT complex, 
guiding the IT through the root hair cell. Within the IT, the microsymbiont can proliferate further into the root hair 
cell (4). While the IT is proliferating through the epidermal root hair cell, root cortex cells re-enter mitosis and 
start dividing, giving rise to the nodule primordium. Upon reaching the cell wall proximal to the root cortex, the 
IT pierces through and proliferates further into the root cortex and finally enters the emerging nodule primordia 
cells (5). This figure is inspired by the reviews of Jhu and Oldroyd 2023(41) and Zhang et al. 2024(42). 

1.1.2 - Nodule development 

In parallel to the ongoing infection of the root hair cell by the microsymbiont, the cortical root 

cells re-enter mitosis to divide and offer enough cells, which can host the microsymbiont. 

The re-differentiation of cortical cells is a highly complex process, involving the activity of 

many transcriptional regulators. The cornerstone of the beginning differentiation is the NF-

induced phosphorylation of transcriptional master regulators, which in turn results in a 

cascading reaction involving expression of further regulators partaking in gene regulatory 

processes(43ï45). Additionally, protein production of early nodulins, necessary for IT 

development(43), or auxin biosynthesis proteins, promoting nodule primordia formation(46), is 

increased. In sum, a myriad of transcriptional regulations orchestrates the cortical cell 

division by repression or activation of hundreds of genes in a spatiotemporal manner(47). 

Consequently, this results in the formation of a nodule primordium, awaiting infection and 

concomitant differentiation (Fig. 1 and Fig. 2). 

1.1.2.1 - Exocytotic release into the symbiosome 

After growing through the root hair cell, the IT penetrates through the root hair cell wall 

adjacent to the cortical cell layer (Fig. 1). This allows the IT to grow further into deeper root 

tissue of the nodule primordium. The IT passes through the first cortical cell layer and 

penetrates the following cells, concomitantly resulting in the release of rhizobia into the cell 

in a primarily exocytotic manner(48,49) (Fig. 2). Exocytotic release of the bacteria is mediated 
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by V-SNARES (for vesicle-associated SNARE) and T-SNAREs (for vesicle-membrane and 

target-membrane localized SNARE) of plant origin(49,50). Release of rhizobia into the plant 

cell gives rise to a new organelle-like structure, the so-called symbiosome (Fig. 2). In 

indeterminate nodules, like those forming on M. truncatula or M. sativa roots, symbiosomes 

mostly contain only one bacterium, while symbiosomes of determinate nodules, forming on 

L. japonicus or G. max roots, can contain multiple bacteria. Prior to rhizobial differentiation, 

symbiosomes divide, which can result in plant cells containing thousands of those 

organelle-like structures(42). 

Throughout nodule development, the host plant is constantly on guard, trying to defend itself 

against a potential wolf in disguise. To do so, they produce 30-50 amino-acid long anti-

bacterial peptides called NCRs (for nodule-specific cysteine-rich). M. sativa and M. 

truncatula, for example, possess more than 400 NCRs(51). Those peptides can, for instance, 

attack the cell membrane of the bacterium resulting in cell lysis(52). To ensure survival, the 

microsymbiont is in need to adapt and defend against those NCRs. S. meliloti, for instance, 

produces peptide transport proteins, which potentially redirect NCR peptides into the cell 

plasma, preventing damaging of the cell membrane(52,53). 

 

Fig. 2: Microsymbiont differentiation into bacteroids within infected root cells.  
Representation of the intracellular release and concomitant differentiation of rhizobia during the nodule 
symbiosis. Generally, the lifecycle of the microsymbiont within root nodule cells can be subdivided into the four 
stages of release, division & differentiation, fixation and finally senescence. In the first stage, rhizobia are 
released into the root cell within a vacuole-like structure via a primarily exocytic pathway utilizing V- and T-
SNARE proteins. The vacuole containing a bacterium is termed symbiosome (zone II). The symbiosome and 
the contained microsymbiont divide synchronously, resulting in plant cells filled with thousands of symbiosomes. 
Afterwards, the microsymbiont is forced to differentiate into the bacteroid form. This is achieved by plant 
produced NCR peptides delivered to the symbiosome, leading to e.g. endoreduplication of the bacterial genome 
and cell elongation. Additionally, the intracellular oxygen concentrations are reduced, serving as a cue for 
nitrogenase gene expression (zone II-III). After full differentiation and production of mature nitrogenase protein 
complexes, the bacteroid starts to fix atmospheric nitrogen (N2), converting it into the plant usable compound 
ammonia. In turn, the ammonia is secreted into the plant cell (zone III). When the nitrogen fixating capacity of 
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older bacteroid cells declines, the plant initiates the senescence of the bacteroid. In this step, the bacteroid and 
symbiosome is degraded by delivery of e.g. peptidases to the symbiosome, effectively recycling parts of the 
invested resources throughout the symbiotic process (zone IV). Abbreviations: IT, infection thread; ER, 
endoplasmatic reticulum; NCR, nodule-specific cysteine-rich. The figure is inspired by the reviews Jhu and 
Oldroyd 2023(41) and Roy et al. 2020(2). 

1.1.2.2 - Nodule maturation 

The plant produced NCR peptides are not only used for an anti-bacterial purpose, but can 

also trigger differentiation of the microsymbiont into an enlarged form, called the bacteroid 

(Fig. 2). In the case of the Sinorhizobium-Medicago symbiosis, hundreds of NCR peptides 

are imported into the symbiosome, mostly expected to have redundant effects. NCR mutant 

strains described to date mostly showed incomplete bacteroid differentiation and 

consequently an unsuccessful symbiotic interaction. For example, the NCR247 was shown 

to intercept the CtrA-FtsZ mediated cell cycle, interfering S. meliloti cell division(54). 

Additionally, NCR247 induces the ExoS-ChvI and FeuP-FeuQ two-component regulatory 

systems controlling EPS and cyclic-glucan synthesis, respectively(54). Ironically, for the 

canonical anti-bacterial peptides, the NCR211 was shown to be necessary for bacteroid 

survival, preventing premature degeneration(55). To achieve biological activity of the NCR 

peptides, they first need to undergo a maturation step. A crucial step for NCR-maturation is 

the cleavage of the signal peptide via the signal peptidases, but also methylation of NCR 

peptides by DNA-methylases has been reported(56,57). An M. truncatula mutant strain 

defective in NCR-maturation shows loss of bacteroid differentiation or premature 

senescence, rendering the symbiotic interaction ineffective(56,57). 

In total, the NCR-mediated differentiation leads to massive changes in the microsymbiont, 

leading to cell enlargement and endoreduplication of the genome (Fig. 2), resulting in an up 

to 24-fold increased DNA content within the bacteroid(58). 

1.1.2.3 - Atmospheric nitrogen fixation by differentiated bacteroids 

The heart of the symbiotic interaction and likely the primal reason for leguminous plants to 

invest many resources in the de novo development of a whole new plant organ, is the 

catalytic reaction performed by bacteroids: fixation of atmospheric N2 into the plant-

accessible compound ammonia. This reaction is performed by the nitrogenase protein 

complex. Since the iron-molybdenum (FeMo) cofactor of the nitrogenase is oxygen 

sensitive, the plant needs to drastically diminish oxygen levels within infected plant cells. 

Additionally, reduction of oxygen levels functions as a cue for nitrogenase gene expression 

(Fig. 2). This reduction of oxygen levels is achieved by production of oxygen scavenging 

proteins called leghemoglobins(59). For the expression of the nif- and fix-gene operons, 

encoding structural proteins necessary e.g. for the nitrogenase complex or cofactor 

biosynthesis, low oxygen concentrations are needed. Upon low oxygen concentrations, 

expression of those operons is initiated via a two-component regulatory system consisting 
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of the haem-containing O2-sensing protein FixL and the transcriptional regulator FixJ(60). 

This regulator system induces gene expression of fixK and nifA, encoding the fix- and nif-

regulatory proteins FixK and NifA, respectively(61,62). Consequently, FixK can induce the 

expression of the fixNOQP and fixGHIS-operons(62), encoding a Cbb3-type cytochrome 

oxidase complex (FixNOQP), needed for respiration in the microoxic environment. FixGHIS 

are needed for maturation of the FixNOQP complex(63,64). NifA on the other hand can induce 

the expression of the fixABCX- and nifHDKE-operons as well as nifN and nifB (62). The 

NifHDK proteins are the structural part of the nitrogenase protein complex(65), whereas 

NifNEB are needed for synthesis of the FeMo cofactor, crucial for the nitrogenase catalytic 

activity(66). FixABCX on the other hand supplies the nitrogenase complex with electrons, 

crucial for the function of the N2-fixing enzyme(67). 

1.1.2.4 - Bacteroid senescence 

The last step of the nodule symbiosis is the senescence phase, where plants can recycle 

nutrients, which they invested into maintaining the microsymbiont (Fig. 2 and Fig. 3). 

Senescence can be triggered either by environmental cues like drought(68), but also through 

the availability of nitrogen, which renders nodule maintenance redundant(69,70). Despite an 

environmental trigger for nodule senescence, commonly this process is induced via a 

developmental cue. In indeterminate nodules, there is a whole zone (declared zone IV), 

containing old infected nodule cells and the hosted bacteroid cells(71). Determinate nodules 

on the other hand are not divided into different developmental zones and henceforth, 

senesce as a whole upon reaching a certain age(72). Decreasing intracellular nitrogen 

concentrations found in late stage III (nitrogen fixation zone) infected cells serve as the 

developmental trigger for senescence initiation. In young nitrogen fixing cells, high nitrogen 

concentrations are present, which in turn triggers an increased expression of various plant 

transcription factors. These transcription factors in turn repress transcription of senescence 

related genes encoding proteinases or vacuolar processing proteins(73,74). In older nitrogen 

fixing cells, however, the nitrogen concentrations drop and repression of senescence 

related genes is relieved. Successively, this leads to lysis of the bacteroids and the 

symbiosome and repurposing of the released nutrients by the plant(73). When the nodule as 

a whole is dismantled, trapped bacteria are released and revert back to their saprophytic 

lifestyle, degrading and recycling the old nodule tissue they were hosted within(75). 
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Fig. 3: Architecture of indeterminate root nodules.  
Simplified representation of the different developmental zones of an indeterminate nodule. In indeterminate 
nodules, a meristematic zone I (shown in grey) is present distal to the root pericycle at all times of the noduleôs 
life cycle. Here, plant cells can constantly divide. In the infection zone II (dark purple), IT can pierce through 
proximal plant cells of the meristematic zone I and bacteria are released into symbiosomes. In the division and 
differentiation zone II-III (also termed interzone, light purple) symbiosomes and the contained bacteria constantly 
divide and differentiate into the bacteroid form. The fixation zone III (red) is comprised of plant cells containing 
fully differentiated bacteroids. Here, the main nitrogen fixation takes place. In the last zone IV (brown), also 
known as the senescence zone, bacteroids and symbiosomes are degraded and released nutrients are recycled 
by the host plant. The zones I-IV are surrounded by the root endodermis and vasculature, enabling fast nutrient 
supply and quick signal exchange between the different developmental root tissues. The figure is inspired by 
the review Jhu and Oldroyd 2023(41). 

1.1.3 - Involvement of plant phytohormones in the symbiosis 

Hormonal signaling is key to plant developmental processes. In nodule development, a 

variety of compounds from different phytohormone classes are involved. Ethylene for 

instance is well known for its strong negative regulatory effect on nodulation while other 

hormones like gibberellic acid, brassinosteroids or strigolactones show both negative as 

well as positive regulatory effects on nodule symbiosis. Especially for the latter three, the 

effect of the hormone on nodule development is dose-dependent and additionally can vary 

between different organisms (for thorough reviews see e.g. Lin et al. 2020(76), Ferguson and 

Mathesius 2014(77) or Velandia et al. 2022(78)). 

In the following sections I will focus on the hormone class of cytokinins (CKs), highlighting 

the role of CK signaling at different developmental stages of nodule development. 

Additionally, I will introduce shortly the de novo synthesis of CK compounds based on the 

MEP isoprenoid pathway. 
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1.1.3.1 - Biosynthesis of cytokinin and auxin precursors DMAPP and IPP via MEP 

pathway 

CKs are adenine derivatives carrying either an isoprenoid or aromatic site chain at the N6 

moiety. Due to the importance of CK signaling in plant development, the biosynthesis of CK 

compounds has been extensively studied and was thoroughly reviewed (see e.g. 

Sakakibara 2006(79) or Kamada-Nobusada and Sakakibara 2009(80)). 

The isoprenoid side chain compound dimethylallyl pyrophosphate (DMAPP), originates 

from the isoprenoid pathway, an essential pathway of the central metabolism in all living 

organisms(81). Here, two different pathways were described: the MVA (for mevalonate) and 

the MEP (for methylerythritol phosphate) pathway. While plants possess and use both 

pathways, bacteria primarily use the latter. The first catalytic step of the MEP pathway 

consists of the conversion of glyceraldehyde 3-phosphate (GAP) and pyruvate to 

deoxyxylulose 5-phosphate (DXP). This conversion is catalyzed by the enzyme DXS (for 

DXP synthase, Fig. 4), whose activity constitutes the rate-limiting bottleneck of the MEP-

pathway(82). Indispensable for this reaction is the formation of a Dxs-homodimer, where each 

protein binds the cofactor thiamine diphosphate (TPP), as well as a metal ion cofactor like 

Mg2+ or Mn2+(83). 

After DXP synthesis by Dxs, conversion of this metabolite into IPP (for isopentenyl 

pyrophosphate) or DMAPP is synthesized in six consecutive catalytic steps, where the 

second enzyme in line, Dxr (for DXP reductoisomerase) produces the pathway name giving 

compound MEP. Subsequently, the isoprene pathway proteins IspDEFG convert MEP, in 

four single steps, into HMBPP (for 4-hydroxy-3-methyl-but-2-enyl pyrophosphate), which 

functions as the precursor for IPP or DMAPP synthesis. The catalytic conversion of HMBPP 

to IPP or DMAPP is performed by IspH (for isoprene HMBPP reductase, Fig. 4). The 

enzyme Idi (for isopentenyl diphosphate isomerase) can convert IPP to DMAPP and vice 

versa, whereas IspS (for isoprene synthase) uses DMAPP for isoprene production(84). 

Metabolites of the MEP-pathway are not only used for synthesis of isoprene compounds. 

For example, the first compound in line, DXP, can also be a crucial building block for 

pyridoxine (vitamin B6) as well as thiamine (vitamin B1) synthesis(85,86), whereas (as already 

stated above) DMAPP is used for de novo synthesis of CK compounds (Fig. 4). In the first 

step of CK synthesis, an adenosine derivative (either AMP, ADP, or ATP) is N-prenylated 

with DMAPP at the N6 moiety, giving rise to the compound iP riboside 5ô-phosphate (iPRP, 

e.g. iP-ATP). This step is catalyzed by the protein IPT (for isopentenyl transferase). The 

enzyme CYP735A (for cytochrome P450 monooxygenase) can hydroxylate the prenyl side 

chain, converting iPRP to tZRP (for trans-Zeatin riboside 5ô-phosphate). Both iPRP and 

tZRP can subsequently be dephosphorylated by a phosphatase and afterwards converted 

to the free-base forms iP (for N6-(æ2-isopentenyl)adenine) and tZ (for trans Zeatin) via a CK 
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riboside 5ǋ-monophosphate phosphoribohydrolase like LOG (for Lonely Guy). Degradation 

of iP and tZ is carried out by the CK oxidase/ dehydrogenase CKX (see Sakakibara 2006(79) 

or Kamada-Nobusada and Sakakibara(80) for thorough review, Fig. 4). 

 

Fig. 4: The MEP pathway ï synthesis of DMAPP, precursor of de novo CK synthesis. 
Overview of the DMAPP synthesis derived from the Dxs dependent MEP biosynthesis pathway and the 
concomitant de novo synthesis of the isoprenoid-CK compounds iP and tZ. In the first step of the MEP pathway, 
Dxs converts pyruvate and G3P into DXP. DXP can either serve as a precursor for vitamin B1 (thiamine) or 
vitamin B6 (pyridoxine) biosynthesis or can be further processed in the MEP pathway. In the latter case, DXP is 
converted into DMAPP or IPP in six catalytical steps by the IspDEFGH proteins. Both, DMAPP and IPP can 
inhibit Dxs catalytical activity by allosteric binding and dispersing the active dimer, leading to monomerization, 
aggregation and finally degradation of Dxs. Further, DMAPP is used for de novo synthesis of the isoprenoid CK 
compounds tZ and iP. The first step in this synthesis pathway is performed by IPT, attaching DMAPP to either 
an AMP, ADP or ATP molecule. In the next step the LOG protein converts either of these compounds into the 
un-ribosylated iP compound. The CYP735A protein can convert iP into tZ. Degradation of either iP or tZ can be 
performed by CKX, resulting in adenine and 3-methyl-2-butenal. Abbreviations: Dxs, 1-Deoxy-D-xylulose 5-
phosphate synthase; Dxr, DXP reductoisomerase; Isp, isoprenoid synthesis; IPT, isopentenyl transferase; LOG, 
Lonely Guy; CYP735A, cytokinin hydroxylase; CKX, cytokinin oxidase/ dehydrogenase; G3P, Glyceraldehyde-
3-phosphate; DXP, 1-Deoxy-D-xylulose 5-phosphate; 2., 2-C-Methyl-D-erythritol 4-phosphate; 3., 4-(Cytidine 5-
diphospho)-2-C-methyl-D-erythritol (CDPME); 4., 2-Phospho-4-(cytidine 5-disphospho)-2-C-methyl-D-erythritol; 
5., 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate; 6., 1-Hydroxy-2-methyl-2-butenyl 4-diphosphate (HMBDP); 
IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; iP, isopentenyl adenine; tZ, trans Zeatin. 

1.1.3.2 - Cytokinins ï an impactful phytohormone class 

Throughout the last decades, the role of CK signaling in plants has been of great interest, 

unravelling involvement of this hormone in virtually all developmental steps of the plantôs 

lifecycle, ranging from root to shoot as well as flower and fruit development (for detailed 

reviews see Wybouw and de Rybel 2019(87) or Kieber and Schaller 2018(88)). Here, they 
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most prominently act antagonistic to auxin phytohormone signaling. In concert, both 

hormones determine the developmental fate of various plant tissues in response to 

environmental conditions (for review see Schaller et al. 2015(89)). 

In plants, CKs function as long-distance signaling molecules, transferring signaling in- and 

outputs between the root and the shoot. The two predominant CK compounds in plants iP 

and tZ, take major contributions in the communication between the under- and aboveground 

parts of the plant. Typically, in a favorable, nutrient rich environment, tZ compounds are 

produced in the root and transferred to the shoot via the xylem(90). Here, they are perceived 

by CHASE-containing histidine kinases (for cyclase/ histidine kinases-associated sensing 

extracellular) and type-A and type-B response regulators (RR), consequently followed by a 

regulatory cascade leading to an increased shoot growth(91). Conversely, shoot-derived CK 

signaling to the root, mainly by iP-compounds, messages the root e.g. nitrogen saturation 

and impacts the root architecture by regulating auxin fluctuations(92). Usually, iP and tZ 

compounds are transported in a ribosylated state as iPRP and tZRP (Fig. 5). Whether the 

ribosylated CK forms are only used for transport or if they are also directly involved in 

signaling is still a matter of debate in the scientific community(93,94). 

Due to the CK-mediated signaling of nutrient availability, it is no surprise that CKs play a 

crucial role in the development of nodules on leguminous plants (Fig. 5). Intriguingly, CKs 

can have both positive as well as negative effects on nodulation. Especially during the 

rhizobia infection phase, CK signaling is indispensable. M. truncatula roots exposed to 

rhizobial derived NFs showed a 15-fold increase in iP (up to ~3 pmol/ g fresh weight) after 

3 h of exposure(95). This CK response is mediated via the CCaMK DMI3 (for does not make 

infections), which induces the expression of the ipt1 gene, encoding the CK-synthesis 

protein IPT1(95). Subsequently, the CHASE-domain containing histidine kinase Cre1 

positively regulates the gene expression of further genes encoding CK synthesis proteins 

like LOG2 and LOG3(95,96) (Fig. 5). Cre1 is a CK-responsive master regulator, with a major 

impact on regulatory processes upon NF-perception. In comparison to the WT, an M. 

truncatula cre1 mutant strain showed differential expression of nearly 600 genes upon NF 

application (Fig. 5), demonstrating that Cre1 contributes to more than 70 % of transcriptional 

changes at the rhizobial infection stage(95). Among those differentially expressed genes are 

also negative CK regulators like CK oxidases (CKX), which degrade those phytohormones 

and balance the CK pool. Further, GRAS-family transcriptional regulators like NSP2 (for 

nodulation signaling pathway) are induced, which in turn can induce NIN and ERN1, leading 

to cortical cell division and nodule primordia development(97). The CK response is mainly 

localized in the emerging nodule primordia and mature nodule tissue and is restricted in 

surrounding tissue(98) (Fig. 5). 
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The impact of CK signaling on nodule development is so potent that even the formation of 

spontaneous root nodules (SNF) in the absence of the microsymbiont can occur. For 

example, SNF can be induced by exogenous application of the aromatic CK compound 6-

BAP on M. truncatula or L. japonicus roots(99,100) and even application of purified NF from S. 

meliloti on M. sativa roots is capable of inducing SNF, in the absence of the rhizobial 

interaction partner(101). As stated above, the initial symbiotic CK response is sensed and 

orchestrated by the CHASE-domain containing HK CRE1 from M. truncatula or the 

analogous protein LHK1 from L. japonicus. Consequently, gain of function mutants of either 

CRE1 from M. truncatula or LHK1 from L. japonicus (called snf2, for spontaneous nodule 

formation) also result in spontaneous nodule formation(102,103). 

Since nodule development and maintenance of the microsymbiont and its nitrogenase 

activity is a high energy demanding process (up to 25 % of the photosynthate of the plant 

can be consumed by the nodules(1)), plants tightly regulate the number of symbiotic 

interactions. This process is mediated by a systemic long-distance signaling pathway, 

termed autoregulation of nodulation (AON). Upon infection, signaling peptides like Cle12 

and Cle13 (for CLAVATA/ ESR related protein) can be produced in a CK-Cre1-dependent 

manner(104). Successively, the Cle-peptides are delivered to the shoot, where they can bind 

to a receptor complex composed of the LRR-receptor kinases (for leucine-rich repeat) 

SUNN (for super numerary nodules), CLV2 (for CLAVATA) and the Coryne like protein 

CRN(105). Subsequently, LRR-RK complex mediated transcriptional regulations result in 

increased production of CKs in the shoot, as well as downregulation of the regulatory micro-

RNA miR2111(106,107). Both CK and miR2111 can be delivered from the shoot to the root and 

impact the symbiotic interaction in a TML-dependent manner (for too much love). TMLs are 

F-box containing proteins, likely targeting nodulation related proteins and trigger their 

proteasomal degradation(108). In L. japonicus, shoot derived CKs are responsible for nodule 

number reduction in a TML-dependent manner(106), while the miR2111 is responsible for 

degradation of TML-transcripts in the roots(109). Consequently, reduced miR2111 abundance 

and delivery to the roots leads to reduced symbiotic events via TML-mediated proteasomal 

degradation of nodulation proteins(110). 
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Fig. 5: CK signaling is a spatiotemporal process displaying varying intensities in different root tissue. 
Representation of varying CK signaling outputs detected in different root and nodule tissues at different 
developmental stages of the root nodule symbiosis. Illustration of varying signal intensities is based on reporter 
studies (e.g. Triozzi et al. 2022(98)) and transcriptome analysis (e.g. Jardinaud et al. 2016(111)) of various CK 
related genes and proteins (shown in bold), performed in WT and mutant legumes. When no rhizobia are 
present, the CK signaling is relatively low in the different root tissues (1). Upon perception of rhizobia and 
concomitant root hair infection, CK signaling (e.g. expression of CK synthesis genes or activation of CK-RRs) 
increases in the root cortex and pericycle cell tissues at the infection site (2). CK signaling in the root tissue 
surrounding the infection does not increase. Emerging nodule primordia cells display the highest signaling 
intensities throughout the infection phase (3). Mature nodules have the highest signal intensity present in 
pericycle tissue, while the infected nodule cells containing differentiated and nitrogen fixating bacteroids display 
very low CK signaling intensities (4). Below the general CK signaling route is depicted. Abbreviations: IPT, 
isopentenyl transferase; CYP735A, cytokinin hydroxylase; LOG, Lonely Guy; CHASE-HK, CHASE-histidine 
kinase; CKX, cytokinin oxidase/ dehydrogenase; RR, response regulator; DMAPP, dimethylallyl diphosphate; 
iPRP, isopentenyl adenine riboside; tZ, trans Zeatin riboside; CK, cytokinin. The figure is inspired by the review 
Lin et al. 2020(76). 

CK production was also detected in different bacteria like cyanobacteria or rhizobia. Indeed, 

the very first ipt gene identified derived from the plant pathogen Agrobacterium fabrum 

(formerly Agrobacterium tumefaciens), encoded on its Ti-plasmid(112,113). T-DNA (for transfer) 

from the Ti-plasmid, containing genes like ipt or tzs (for trans-Zeatin synthesizing), can be 

transferred into the plant host, where the gene products can manipulate the host hormone 

levels, resulting in favorable conditions for A. fabrum pathogenesis(114). Also in plant nodule 

forming rhizobia like S. meliloti or Bradyrhizobium sp., CK production and secretion of 

various CK compounds can be detected(115,116). S. meliloti for instance was shown to 

produce and secrete very low quantities of iP and tZ in the range of ~675 x 10-11 and ~55 x 

10-11 pmol/ cell, respectively. Despite their potent signaling capacities, these naturally 

produced quantities of CKs are insufficient to rescue a non-nodulating S. meliloti NF(-) 

mutant strain and induce nodule formation on its host plant(115). However, via endogenous 

overproduction of the CK compound tZ, utilizing the tzs gene from A. fabrum, a phenotypic 

rescue of the two S. meliloti NF(-) strains ænodA and ænodB was achieved. The formed root 

nodules, however, were incapable of fixing nitrogen due to the lack of leghemoglobin 

formation(117). It is noteworthy that even an E. coli strain, carrying the same tZ 
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overproduction construct like the ænodA and ænodB mutants, was capable to induce nodule 

primordia formation on M. sativa roots. Nevertheless, the tZ-overproducing E. coli strain 

was unable to infect the root and trigger further developmental processes resulting in nodule 

formation(117). In the case of Azospirillum brasilense, a plant growth promoting Ŭ-

proteobacterium, bacterial produced CK appear to have positive effects on the growth of 

the wheat Triticum aestivum L. (common wheat)(118). CKs produced by the ɔ-

proteobacterium Pseudomonas fluorescens were shown to increase tolerance of 

Arabidopsis thaliana (mouse-ear cress) against the pathogenic P. syringae(119). 
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1.2 - Nucleotide second messengers 

To ensure survival, bacteria are in constant need of adapting to various environmental 

changes. In order to respond appropriately to those changes, bacteria developed various 

different strategies to perceive and respond to environmental cues. For instance, as stated 

above, NodD1-dependent perception of flavonoids leads to a chemotactic response, 

resulting in the colonization of root hair tips by S. meliloti(3). Serratia plymuthica, a soil-

dwelling plant growth promoting bacterium, can perceive auxin plant hormones like indole-

3-acetic acid (IAA) via the LysR-type transcriptional regulator AdmX. Perception of IAA 

resulted in altered gene expression of antibiotic synthesis genes(120), but also in reduced 

production of the nucleotide second messenger (NSM) c-di-GMP(121). 

NSMs are a versatile group of signaling molecules, present throughout all kingdoms of life, 

comprised of mostly cyclic nucleotide compounds. They can be subdivided into the following 

groups: cyclic mono-nucleotides (cMNs) like 3ô,5ô-cAMP, cyclic di-nucleotides (cDNs) like c-

di-AMP, c-di-GMP and cGAMP, cyclic tri-nucleotides (cTNs) like cAAA or cAAG and 

alarmones also known as (p)ppGpp. As crucial signaling molecules, they are involved in a 

variety of different life traits. For example, both the cDN cGAMP and the cTN cAAA, are 

involved in a phage-defense mechanism termed CBASS (for cyclic-oligonucleotide-based 

antiphage signaling system) in bacteria like E. coli or Vibrio cholerae(122,123). Upon phage 

infection or detection of phage-peptides, those NSMs are synthesized and can bind to Cap 

(for CD-NTase-associated protein) endonucleases, resulting in catalytic activation of Cap 

and consequently in cell death(122,123). cGAMP signaling not only mediates phage-defense, 

but is also involved in virulence of V. cholerae. Here, cGAMP signaling results in 

downregulation of chemotaxis, henceforth improving intestinal colonization of the host(124). 

The cDN c-di-GMP, on the other hand, negatively affects the virulence of V. cholerae. High 

levels of c-di-GMP lead to a reduced expression of genes encoding cholera toxins(125). 

Generally, c-di-GMP signaling is involved in motility and biofilm formation in different 

bacteria(125ï128) with a prominent example being the motile-sessile switch in Caulobacter 

crescentus(129,130). Alarmones and c-di-AMP are both NSMs involved in stress response of 

the bacterium. The former is tightly coupled to the stringent response of the bacterium, 

which can lead to e.g. inhibition of the purine biosynthesis pathway and conversely to an 

upregulation of amino acid biosynthesis genes(131ï134). Signaling output of the latter is 

involved in adaptation to osmotic stress(135,136) and an increased resistance against ɓ-lactam 

antibiotics(137,138). In Bacillus subtilis, c-di-AMP is also involved in detecting and repairing 

DNA damage via the diadenylate cyclase DisA (for DNA integrity scanning protein A) 

coupled to the DNA-damage repair proteins RadA (for radiation sensitive gene A) and RecA 

(for recombinase A)(139ï141). The NSM known for the longest time to the scientific community 

is the cMN 3ô,5ô-cAMP (cAMP). Throughout the last decades, its involvement in various 
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different processes ranging from motility to metabolism as well as virulence and symbiosis 

has been demonstrated. In the following chapters, I will introduce the current state of 

knowledge regarding synthesis, signaling response and degradation of the cMN cAMP in 

different model organisms (Fig. 6). 

 

Fig. 6: Overview of the nucleotide second messenger family.  
Overview of the most prominent signal responses mediated by different NSMs. NSM signaling is orchestrating 
a variety of different cellular response. The cMN 3ô,5ô-cAMP generally can be involved in restructuring the 
metabolism and regulating motility, but also has implications in virulence and symbiosis. The cDN c-di-AMP is 
involved in stress response and specifically in DNA damage signaling. c-di-GMP is commonly known for its 
regulation of biofilm formation and the motile-sessile switch of C. crescentus. The last cDN, cGAMP was shown 
to be involved in virulence traits. Additionally, both cGAMP and the cTN cAAA were shown to be crucial signaling 
molecules implicated in the CBASS-antiphage system. Alarmones are the last NMS class, commonly related to 
the stringent response. 

1.2.1 - The cyclic mono-nucleotide 3ô,5ô-cAMP 

In the late 1950ôs, while analyzing the hormonal regulation of heart and liver metabolism 

from different mammals like cats and dogs, Earl Sutherland and colleagues discovered an 

unusual adenine ribonucleotide, which mediated increased phosphorylase formation in the 

presence of epinephrine and glucagon(142). Shortly after, they were able to isolate and 

analyze this compound and termed it 3ô,5ô-cAMP (in the following cAMP)(143,144). Seven 

years later, in 1965, Sutherland was also able to detect cAMP in the ɔ-proteobacterium 

Escherichia coli(145). This was an unexpected discovery, since it was not assumed at that 

time that bacteria could underly hormonal regulation. For his achievements in cAMP 

research, Sutherland received the Nobel Prize in Physiology or Medicine in 1971. Fast 

forward 60 years, the findings of Sutherland and colleagues cascaded into countless 

different discoveries, including the underlying mechanism of cAMP synthesis, the 

downstream regulation of various pathways as well as the degradation of this compound. 

Furthermore, the identification of the signaling molecule cAMP was the breeding ground for 
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the discovery and the concomitant characterization of all the different second messengers 

with a mono-, di- or trinucleotide as well as polyphosphate composition known to date. 

1.2.1.1 - 3ô,5ô-cAMP ï synthesis 

Synthesis of cAMP is carried out by adenylate/ guanylate cyclase (AC/GC). Those proteins 

can either be soluble or membrane associated and may possess additional receptor or 

regulator domains. To this date, AC/GCs are subdivided in seven different classes (class I-

VII) based on structural and sequence features(146). It is noteworthy that, even though all 

AC/GCs of the different classes perform the same synthesis, they most likely evolved 

independently from one another(147). 

Class I AC/GCs, commonly referred to as the ñenterobacterial classò of AC/GCs(148), are 

predominantly found in ɔ-proteobacteria like E. coli or the human pathogen Yersinia 

enterocolitica(149,150). In this class, the catalytic domain is usually located at the N-terminus 

of the protein whereas a potential regulatory domain is located at the C-terminus(148). The 

second AC/GC class II is also known as the ñtoxic classò(148). As the name implies, class II 

AC/GCs are utilized as a toxin by pathogens like Bacillus anthracis or Bordetella pertussis 

to ensure successful infection of their hosts(151,152). Class II AC/GCs possess, besides their 

catalytic domain, a receptor domain for binding of host specific molecules like e.g. 

calmodulin(153) (for more detail see 1.2.1.3). Both, class I and class II AC/GCs do not need 

to form a dimer with another AC/GC monomer to be catalytically active(154ï156) (Fig. 7a). The 

first class IV AC/GC was identified in the bacterium Aeromonas hydrophila, a causative 

agent of gastroenteritis(157). To date, class IV AC/GCs have been identified in a variety of 

different bacteria, among which are representatives from the human pathogenic genera 

Yersinia and Vibrio(158,159). Class IV AC/GC are defined by their catalytic CYTH domain (for 

CyaB, thiamine triphosphatase) containing the EXEXK signature motif(160). Additionally, the 

CYTH domain shares common features with mammalian thiamine triphosphatases(161). 

Crystallographic analysis of the class IV AC/GC from Y. pestis revealed that this AC/GC 

forms a homodimer with an antiparallel barrel structure building the catalytic center of the 

respective monomer(162,163) (Fig. 7b). Class V(164) and VI(165) AC/GCs are the least 

characterized classes. AC/GCs of this class have only been found in a small number of 

bacteria. Apart from confirming their catalytic activity, virtually nothing else is known about 

AC/GCs of these classes. Class VII AC/GCs have just recently been characterized. 

Representatives of this class are closely related to class IV AC/GCs, sharing a CYTH 

domain. To this date, class VII AC/GCs were only identified in higher plants like Ziziphus 

jujuba (red date) or Malus domestica (apple)(160). The most widespread and well 

characterized class of AC/GCs is class III. Up until the characterization of the class VII 

AC/GCs in higher plants, class III AC/GCs were the only AC/GCs known to be present in 

eukaryotes. AC/GCs of all the other classes (I, II, IV, V, VI) thus far have only been identified 
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in bacteria(166). Hence, class III is also commonly referred to as the ñuniversal classò(148). 

Due to their appearance in all kingdoms of life, class III AC/GCs are highly diverse. They 

are defined by the catalytical CHD domain (for cyclase homology domain), containing six 

canonical residues D-Xn-D (metal binding), K-Xn-D (substrate selection) and N-Xn-R 

(catalysis, transition state stabilization)(146). Between the substrate selecting lysine (K) and 

aspartate (D) residues lies an approx. 14 to 15 residues long dimerization interface. Studies 

of the class III AC/GC Cya of Mycobacterium intracellulare revealed that for dimerization of 

membrane bound AC/GCs, an additional coiled-coil structure following the transmembrane 

helices is needed(167). Further, class III AC/GCs may possess one or multiple ancillary 

domains(146,168), enabling regulation of the catalytic activity by various inducers of abiotic 

(e.g. light(169) or redox state(170)) or biotic (protein-protein interaction(171,172)) nature. For 

catalytic activity, class III AC/GCs need to dimerize, forming a catalytical center at the 

interface of the two CHD domains(146). Bacterial class III AC/GC form a homodimer, where 

two monomeric enzymes dimerize. Those AC/GC homodimers form two catalytic pockets, 

enabling the AC/GC homodimer to bind and cyclize two ATP molecules at once(173). The two 

ATPs are bound in an asymmetric fashion, resulting in the bases facing opposite directions 

in the catalytic center(167) (Fig. 7c, left panel). Eukaryotic class III AC/GCs contain two CHD 

domains in one peptide chain, forming a (pseudo)heterodimer. In comparison to class III 

AC/GCs from bacteria, eukaryotic AC/GCs bind only one ATP molecule. However, they can 

also bind additional, activity enhancing, molecules like the diterpene forskolin adjacent to 

the catalytic center(172) (Fig. 7c, right panel). Based on significant differences in their primary 

structure, Linder and Schultz further subdivided class III AC/GCs into four subclasses (IIIa 

to IIId)(146). Class IIIa is defined by the motifs (F/Y)XX(F/Y)D and EKIK. The former is 

proposed to participate in dimer formation while the latter is substrate defining (ATP over 

GTP). In Class IIIb AC/GCs, the aspartate residue (D) from the substrate selection motif is 

substituted by hydroxyl group-containing amino acids threonine (T) or serine (S) and a 

phosphate coordinating arginine (R) residue is exchanged with glycine (G) or serine (S). 

Class IIIc AC/GCs differ from the other subclasses by possessing a shortened dimerization 

interface (7-11 amino acids instead of 14-15). AC/GCs of the class IIId have only been 

identified in eukaryotes. Further, this class is defined by the highly conserved YEVKT 

substrate selection motif(146). 
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Fig. 7: Structural composition of the catalytic center of different AC/GC classes. 
Comparison of the catalytic centers of solved AC/GC structures from four different classes (class II, III and IV). 
a) Catalytic center of the edema factor (EF), a class II AC/GC from B. anthracis in complex with 3ô deoxy-ATP 
(3AT, PDB: 1XFV), a non cyclizable ATP analog. Class II AC/GCs are catalytically active without forming a dimer 
with another AC/GC monomer(174). Activation of the catalytic activity of class II AC/GCs can be induced via a 
protein-protein interaction with e.g. calmodulin(174). b) Class IV AC/GC CyaB from Y. pestis in complex with 3AT 
(PDB: 3N0Z). For catalytic activity, class IV AC/GCs need to form an antiparallel homodimer structure. However, 
dimer formation is not needed to form the barrel shaped catalytic center(163). c) Catalytic centers of class III 
AC/GCs from bacterial (CyaC from from Limnospira platensis, PDB: 1WC5) and eukaryotic (ADCY9 from Bos 
taurus, PDB: 6R4O) organisms. Bacterial class III AC/GCs form a homodimeric structure (left panel). Here, two 
catalytic centers are formed capable of binding and cyclizing two ATP(175). Class III AC/GCs of eukaryotic origin 
(right panel) form a (pseudo)heterodimeric structure, since they possess two catalytic CHD domains in one 
peptide chain. Unlike bacterial class III AC/GCs, eukaryotic class III AC/GCs only bind one ATP molecule. 
However, they can also bind synthesis enhancing molecules like forskolin (shown as orange spheres) adjacent 
to the ATP molecule(172). CyaC from from L. platensis (PDB: 1WC5), is in complex with the ATP substrate analog 
Ŭ,ɓ-methylene-adenosine-5ǋ-triphosphate (Ŭ,ɓ-Me-ATP). ADCY9 from B. taurus (PDB: 6R4O) is in complex with 
the GTP substrate analog MANT-GTP. Protein structures are colored by chain (chain A in green and chain B in 
yellow) indicating monomeric or dimeric structures. ATP and GTP substrate analogs are shown as red spheres. 

Synthesis of cAMP is achieved by allosteric binding of an ATP to the catalytic domain of the 

AC/GC. For simplicity, I will give brief overview of the catalytic reaction based on the 

canonical residues(146) of class III AC/GCs (for thorough reviews see Linder 2006(176) or 

Sinha and Sprang 2006(177)). The adenine of an ATP is coordinated by the substrate 

selecting residues lysine (K) and aspartate (D) at the N1 and N6 moiety, respectively. The 

ribose of ATP is coordinated by an asparagine (N) at the O4 moiety, while the Ŭ-phosphate 

is coordinated by an arginine (R) residue. These interactions are particularly important for 

stabilizing the transition of ATP to cAMP(178). Two aspartic acids are coordinating a metal 

cofactor like Mg2+, Mn2+ or Ca2+, which in turn coordinate the triphosphate(173,179) (Fig. 8a). 

The metal cofactor mediates a nucleophilic attack of the Ŭ-phosphate by the 3ô-hydroxyl 

group of the ribose. This results in formation of a phosphodiester bond between the O1Ŭ 

moiety of the Ŭ-phosphate and the 3ô-hydroxyl group of the ribose(180). The reaction leads to 

the release of an H proton of the 3ô-hydroxyl group (3ôH). The 3ôH concomitantly binds the 

O3Ŭ moiety, bridging the Ŭ- and ɓ-phosphate. This results in the cleavage of the ɓ- and ɔ-
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phosphates and separation of the synthesized cAMP and pyrophosphate (PPi, Fig. 8b). The 

PPi is stabilized in the catalytic center by an arginine (R) and lysine (K) before release of 

the enzyme(180) (Fig. 8b). Kinetic studies of mammalian AC/GC revealed that cAMP 

preferentially dissociates from the enzyme before the PPi(181). 

Fig. 8: Schematic overview of the 
catalytic process of cAMP 
synthesis. 
Simplified scheme of the catalytic 
center of an AC/GC performing 
synthesis of cAMP. The scheme is 
based on the canonic residues of 
class III AC/GCs(146). a) Coordination 
of the adenine is achieved via 
hydrogen bonds formed between a 
lysine (K, green) and an aspartate (D, 
green) of the AC/GC at the N1 and N6 
moieties, respectively. These two 
residues of the AC/GC are also 
considered to be substantial for the 
substrate selection of ATP over 
GTP(146,168). The ribose is coordinated 
via a hydrogen bond formed between 
an asparagine (N, yellow) and the O4 
moiety. The Ŭ-phosphate is 
coordinated at the hydroxyl group and 
the bridging O3Ŭ by an arginine (R, 
yellow). The ɔ-phosphate is 
coordinated by an arginine (R, white) 
and a lysine (K, white). Two 
aspartates (D, red) coordinate a 
metal cofactor like Mg2+, which in turn 
coordinates the 3ô-hydroxyl group of 
the ribose and the O1Ŭ moiety of the 
Ŭ-phosphate. b) The metal cofactor 
mediates the cyclization of ATP to 
cAMP via a nucleophilic attack of the 
Ŭ-phosphate by the 3ô-hydroxyl group 
of the ribose. This results in the 
formation of a phosphodiester bond 
and release of the 3ôH proton. During 
the transition phase of ATP to cAMP, 
the molecule is stabilized by the 
transition state stabilizing arginine (R, 
yellow) and aspartate (N, yellow). The 
released 3ôH proton attacks the 
bridging O3Ŭ moiety, leading to 
separation of the synthesized cAMP 
and pyrophosphate (PPi). 
Concomitantly, the cAMP and PPi are 
released from the AC/GC. The 
canonical substrate selecting, metal 

cofactor coordinating and transition state stabilizing residues are colored in green, red and yellow, respectively. 
The pyrophosphate stabilizing residues are colored in white. The transferred 3ôH proton is highlighted in red. 
The figure is inspired by the review Linder 2006(176). 

1.2.1.2 - 3ô,5ô-cAMP ï role in regulation of transcription 

Key targets of cAMP mediated regulation in bacteria are transcriptional regulators of the 

CRP/ FNR (for cAMP receptor protein/ fumarate and nitrate reduction regulator) 

superfamily. Allosteric binding of cAMP to these transcriptional regulators leads to a 

conformation change, enabling specific binding of target DNA sequences. The first and one 
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of the well-studied CRP family proteins is Crp (for cAMP responsive protein, also known as 

CAP for catabolite activator protein) from E. coli. In the following passage, the binding 

characteristics of CRP-like transcriptional regulators will be described based on the CrpEc-

model and differences between CrpEc and other representatives of the Crp-family will be 

shown. 

Principally, the CrpEc protein structure can be divided into two parts: I) the N-terminal region, 

which contains a negatively charged nucleotide binding domain (NBD), responsible for 

allosteric binding of cMNs and II) the C-terminal domain, which contains a DNA-binding 

domain (DBD). The N- and C-terminal regions are connected by a short (D) and a long (C) 

helix(182,183). The latter also serves as a homodimer interface, forming a coiled-coil 

structure(183). CrpEc is capable of binding both cAMP and cGMP cMNs. Here, the former is 

bound in an anti-conformation, where the nucleobase of cAMP is facing the opposite way 

of its phosphate group(184). The latter is bound in a syn-conformation, where the nucleobase 

of cGMP is facing the same direction as its phosphate group(184). The RS and TS motifs of 

CrpEc are responsible for cAMP binding in anti-conformation via coordinating the 

phosphoribose and nucleobase of cAMP, respectively(185). 

In the apo-state, the two DNA-binding helices (F-helices) of the DBDs are buried inside the 

homodimer. Upon cAMP - but not cGMP - binding to the NBD domain, a conformational 

shift is initiated, which leads to an elongation of the C-helix by six residues and at the same 

time shortening of the D-helix by four residues(184,186). This stretching of the C-helix results 

in the relocation of the DNA-binding F-helices by a hinge-like structure, presenting the F-

helices outside and enabling DNA binding (Fig. 9, upper panel). Concomitantly, binding of 

the cAMP-bound CrpEc -dimer to the target DNA is achieved by insertion of the F-helices in 

the major grove of the DNA(187). Although CrpEc can bind cGMP, binding of this cMN does 

not induce the abovementioned conformational changes (Fig. 9, upper panel). Seok and 

colleagues proposed a model, where cGMP binding to CrpEc could serve the purpose of 

negatively regulating CrpEc, which helps maintaining CrpEc in an inactive conformation(184). 

Protein-protein interaction between CrpEc and the RNA polymerase (RNAP), leading to 

subsequent transcriptional activation of CrpEc target genes, relies on three different 

interaction domains. One of which, termed AR1 (for activating region), is present in the DBD 

of CrpEc, while the other two, termed AR2 and AR3, are located in the NBD of CrpEc, 

respectively(188). The AR1 domain interacts with the Ŭ-CTD (for C-terminal domain) from the 

RNAP(189,190), while the AR2 and AR3 domains interact with the Ŭ-NTD (for N-terminal 

domain) and the region 4 of the ů70 subunit (also termed ůR4) of the RNAP, respectively(191ï

193). 

In comparison to the transcriptional regulator CrpEc, the functional basis of other Crp-like 

proteins can differ dramatically. For instance, due to the high number of active ACs of M. 
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tuberculosis (at least 10 of 16 show AC activity) and a high increase in cAMP concentrations 

upon infection of macrophages (~50-fold)(194), the Crp-like transcriptional reporter CrpMt 

(Rv3676) appears to have evolved accordingly to the high abundance of cAMP. This 

manifests in a relatively low cAMP binding affinity of CrpMt (Kb = 1.7Ĭ104M-1)(195) compared 

to CrpEc (Kb = 8Ĭ104M-1)(196). Further, crystallographic analysis of the apo-CrpMt 

transcriptional regulator revealed that, unlike to CrpEc, the DNA-binding F-helices are not 

buried inside the homodimer (Fig. 9, middle panel), which enables DNA-binding even in the 

absence of cAMP(197). The holo-CrpMt protein bound to cAMP only showed a minor structural 

rearrangement compared to the apo-CrpMt protein, which weakened the interaction of the 

DNA-binding F-helices and the D-helices. As an effect of this weakened interaction, the 

spatial freedom of the F-helices increases(198). Consequently, these minor alterations lead 

to roughly two-fold increased DNA-binding capacity of the holo-CrpMt protein compared to 

the apo-CrpMt protein(195). 

Unlike CrpEc and CrpMt, which are allosterically activated upon cAMP but not cGMP binding, 

the Crp-like transcriptional regulator Clr from S. meliloti was shown to be activated by both 

cAMP and cGMP. To this date, Clr is the only known bacterial Crp/Fnr-like transcriptional 

regulator with this bifunctional characteristic(199). Like CrpEc, Clr also binds cAMP in an anti- 

and cGMP in a syn-conformation. Yet, in Clr-cGMP, an additional hydrogen bond between 

a threonine (T) and the N2-amine group of cGMP is formed. This hydrogen bond appears 

to be the crucial difference between cGMP coordination of Clr and CrpEc, which results in 

the conformational switch of Clr into its active form, enabling DNA binding of its target DNA 

sequence (consensus: GT-N2-C-N4-G-N2-AC, Fig. 9 lower panel)(200). Further, Clr shows a 

preference of cAMP binding over cGMP binding due to a higher affinity of Clr to cAMP 

compared to cGMP (Kd cAMP = 5.8 Ñ 1.4 ÕM; Kd cGMP = 23.8 Ñ 14.5 ÕM). Yet, it is 

noteworthy that the affinity of Clr towards cGMP increases in the presence of its consensus 

target DNA (Kd cGMP + DNA = 10.7 Ñ 3.9 ÕM)(200). 
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Fig. 9: Structure comparison of the 
cMN transcriptional regulators 
CrpEc, CrpMt and Clr in apo- and 
holo-state.  
Crp/ Fnr-like transcriptional 
regulators show different modes of 
activation. The protein structures are 
shown in cartoon representation and 
are generally colored by the chain 
(green and cyan). The DNA-binding 
F-helices are shown in red and the D-
helices are shown in orange. When 
present in the crystal structure, the 
DNA is shown as spheres (grey and 
light blue). The upper panel shows 
the crystal structures of the 
homodimeric CrpEc protein from E. 
coli in the apo- (PDB: 4N9H) and 
holo-state, bound to either cAMP and 
DNA (PDB: 1ZRC), or cGMP (PDB: 
4N9I). In the apo-state, the DNA-
binding F-helices are buried beneath 
the D-helices, hindering DNA binding. 
Upon allosteric binding of cAMP, the 
F-helices rotate outside, enabling 
binding of target DNA. However, 
cGMP binding does not lead to a 
conformational shift, hence rendering 
CrpEc incapable of binding its target 
DNA. The middle panel shows the 
crystal structures of the homodimer of 
CrpMt from M. tuberculosis (Rv3676) 
in the apo- (PDB: 3D0S) and holo-
state, allosterically bound to cAMP 
(PDB: 3MZH). Both, the apo- and the 
holo-state of the CrpMt homodimer 
show an active conformation, with the 
F-helices rotated outside of the 
homodimer. This enables DNA 
binding of the CrpMt protein even in 
the absence of cAMP. The lower 
panel shows the protein structures of 
the Clr transcriptional regulator from 

S. meliloti in the apo- (AlphaFold3 prediction of the full-length protein, homodimer) and the holo-states, either 
bound to cAMP (PDB: 7PZA) or cGMP (PDB: 7PZB). Like the CrpEc protein, the Clr homodimer is predicted to 
be in an inactive conformational state when not bound to any of the two cMNs. This matches previous promoter 
activation studies of Clr(199,200). However, unlike CrpEc, Clr is undergoing a conformational shift upon binding 
both cAMP and cGMP, resulting in an active conformation and enabling DNA binding. 

As a consequence to alternating environmental cues, cAMP signaling can result in 

multifaceted responses depending on the organism and the signaling input it is responding 

to. This signal response can range from restructuring the cellular metabolism and motility 

as well as facilitating symbiotic or pathogenic interactions with other organisms (Fig. 10). 

One of the well-studied cAMP signaling responses in bacteria is the catabolite repression 

upon glucose starvation in E. coli. In 2004, Gosset and colleagues performed transcriptomic 

studies revealing that, in the presence of glucose, many genes, which encode proteins 

necessary for utilization of alternative carbon sources, are repressed. Additionally, these 

repressed genes were crp dependent, since repression was partially or completely relieved 

in a crp mutant strain lacking the coding sequence for Crp. Among these repressed genes 
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were e.g. aceA and aceB of the glyoxylate shunt and pckA, which encodes the 

phosphoenolpyruvate carboxykinase PckA, a central gluconeogenetic enzyme(201). Further, 

half of the glucose repressed genes identified could be assigned to genes involved in 

initiation of carbon metabolism of alternative carbon sources like lactate, maltose or 

mannose(201). Here, likely one of the most prominent examples for Crp mediated 

transcriptional regulation is its control of the lacZ operon(202,203). Additionally, Crp-cAMP was 

shown to positively regulate motility of E. coli in unfavorable environments lacking glucose 

as a carbon source, resulting in increased swimming motility(204,205). This can be achieved 

by Crp-cAMP-dependent transcriptional activation of the flhDC master operon(206). The 

proteins FlhC and FlhD in turn are positive master regulators of the flagellar operon, 

resulting in increased expression of genes like fliC, encoding structural flagellar proteins, or 

further regulatory genes like fliA, encoding the flagellar sigma factor ů28 (207). Up to this point, 

more than 378 promoter sequences underlying Crp-cAMP dependent regulation in E. coli 

could be identified, most of which are involved in carbon metabolism(208). 

1.2.1.3 - 3ô,5ô-cAMP ï pathogenesis and symbiosis 

cAMP signaling was demonstrated to play an important role in both pathogenic and 

symbiotic interactions of different bacteria. For instance, E. coli does not only utilize cAMP 

as a signaling molecule to rewire its own metabolism, but also takes advantage of the cAMP 

signaling properties of its host organisms throughout pathogenicity (for a review see 

Fleckenstein et al. 2010 (209)). More precisely, enterotoxigenic E. coli (ETEC) strains produce 

enterotoxins called heat-labile (LT, encoded by eltAB) or heat-stabile (ST, encoded by estA) 

enterotoxins in a cAMP-CrpEc dependent manner. When glucose availability is limited, 

cAMP levels in E. coli increase, which results in CrpEc mediated repression of eltAB. At the 

same time, CrpEc activates the expression of estA. However, when glucose is available and 

cAMP levels drop, the CrpEc mediated repression of eltAB is relieved leading to an increased 

production of the LT enterotoxin. Conversely, estA gene expression is reduced and ST 

enterotoxin production declines, hinting on a spatial separation of enterotoxin production 

throughout infection(210). After production, LT and ST are secreted into the environment in a 

type II secretion system dependent manner(211). While ST can bind the extracellular domain 

of guanylyl cyclase C of the intestinal epithelium cells and trigger its activity leading to 

intracellular accumulation of cGMP(212), LT needs to cross the epithelium membrane to 

concomitantly bind to ARFs (for ADP-ribosylation factors). This allosteric interaction triggers 

the activity of ARFs and henceforth leads to the ADP-ribosylation of the guanine nucleotide 

binding protein GŬs, a regulatory factor of ACs(213). Consequently, the GTPase activity of 

GŬs is inhibited, which results in a constitutive activity of intracellular ACs(214,215). Ultimately, 

the accumulation of cAMP or cGMP in epithelial cells leads to extensive water and 

electrolyte secretion via PKA (for protein kinase A, cAMP-triggered) or protein kinase II 
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(cGMP-triggered) dependent phosphorylation of the CFTR (for cystic fibrosis 

transmembrane regulator) chloride channel protein(216,217).  

ETEC strains are not the only pathogenic bacteria whose virulence involves cAMP 

signaling. For instance, the causative agent of the tuberculosis disease, M. tuberculosis, 

possesses ten Crp-like regulator proteins, two of which, CrpMt and Cmr (for cAMP and 

macrophage regulator), were shown to be involved in virulence. While CrpMt is critical for 

transcriptional regulation of virulence genes like icl1 or whiB1(218), Cmr is mediating cAMP-

dependent intramacrophage transcriptional regulation(219). M. tuberculosis manipulates 

macrophage cAMP levels by secreting cAMP, which in turn leads to an increase of the 

cytokine TNF-Ŭ (for tumor necrosis factor alpha). TNF-Ŭ is an important hormone involved 

in e.g. mediating inflammation or causing cell necrosis of tumor cells (for a review see Jang 

et al. 2021(220)). In the context of the tuberculosis disease, low levels of TNF-Ŭ were shown 

to be required for containment of M. tuberculosis, whereas high levels of TNF-Ŭ cause a 

dysregulated formation of granulomas, which in turn serve as a ñhideoutò for M. tuberculosis 

to evade cell-mediated immunity(221,222). Other pathogens, like B. anthracis or B. pertussis 

utilize a soluble class II AC/GC as a toxin. The edema factor (EF) from B. anthracis and 

CyaA from B. pertussis are inactive as long as they are not present inside the host cells. 

However, upon successful secretion into the host, they are activated by allosteric binding to 

the host calcium binding protein calmodulin (reviewed by Ahuja et al. 2004(223)). 

Manipulation of the host cAMP content via EF or CyaA can alter the T-helper cell fate. At 

high levels of cAMP, the cell differentiation of T-helper cells and consequently its activity is 

suppressed. This host cell fate manipulation boosts persistence of B. anthracis and B. 

pertussis inside the host(152,224). Unlike EF and CyaA, the activity of the AC/GC toxin from 

Pseudomonas aeruginosa, called ExoY, is not triggered by calmodulin. After type III-

dependent secretion into the host cell(225), the activity of ExoY is triggered upon allosteric 

binding of F-actin (for filamentous actin). This can result in an up to 10,000-fold increased 

ExoY activity in vitro(226). 

In comparison to the well-established role of cAMP signaling throughout pathogenic 

interactions, reports of the involvement of cAMP in symbiotic interactions is scarce. For 

instance, to achieve a higher resistance against environmental stresses, the perennial 

ryegrass Lolium perenne engages in a symbiotic interaction with the endophyte Epichlo± 

festucae (for review see Clay and Schardl 2002(227)). Throughout this interaction, E. festucae 

grows in the intracellular space of L. perenne leaves in a synchronized manner with the host 

plant. The synchronized growth is regulated in a cAMP dependent manner. E. festucae 

deletion mutants, lacking the only AC-coding gene acyA, showed an abnormal branching 

phenotype, resulting in increased lateral branches and concomitantly an increased cell 

volume while colonizing the host leaves(228). Further, the acyA-deficient strain showed a 
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reduced synthesis of ROS (for reactive oxygen species). ROS were demonstrated to play 

an essential role during the Epichlo±-Lolium symbiosis. Manipulation of the ROS synthesis 

leads to hyper-infection and premature leaf senescence(229).  

The symbiotic interaction between S. meliloti and its host plant of the genera Medicago is 

highly complex, comprised of various essential and non-essential regulatory processes, 

which can improve the efficiency of the symbiosis (see 1.1 and following for more detail). 

As part of the latter, non-essential processes, autoregulation of infection (AOI) modulates 

the occurrence of secondary root hair infections on Medicago roots. This process was 

shown to be cAMP-dependent. AOI reduces the number of further infections occurring on 

Medicago plants after already facilitating successful symbiotic interactions, analogous to 

the Epichlo±-Lolium symbiosis. The AOI regulatory pathway consists of the outer membrane 

protein NsrA (for nodule signal response A), perceiving the plant signal and concomitantly 

activating the catalytic activity of the three AC/GCs CyaD1, CyaD2 and CyaK(230,231). The 

latter synthesize cAMP, which in turn triggers the bifunctional transcriptional regulator 

Clr(200). This signal transduction pathway results in transcriptional activation of various Clr 

regulon genes(230ï232) (see 1.3.1 for more detail). One or multiple Clr regulon proteins, or 

their catalytic products, may serve as a signal for the host plant, concomitantly resulting in 

the reduction of secondary root hair infections via reducing NF sensitivity through the 

ENOD11 pathway(233). Additionally, ethylene signaling, which is triggered in the plant host, 

was shown to be essential in interception of nodule formation(233ï235). 

1.2.1.4 - 3ô,5ô-cAMP ï secretion and degradation 

The main goal of cAMP signaling is responding to alternating environmental conditions, 

which can result in major reorganizations of cellular metabolism and/ or compartments. 

Logically, when the environmental conditions change yet again, it is inevitable to be able to 

revert the cAMP-mediated switches, either by downregulation or complete termination of 

the cAMP signal response. Decreasing cytoplasmic concentrations of cAMP can be 

achieved by one of two strategies: secretion or degradation (Fig. 10). 

As stated above, M. tuberculosis is known to secrete cAMP and use the cMN as a virulence 

factor (see chapter 1.2.1.3), which can lead to an up to 3-fold increased cAMP-level in host 

macrophages(236). Even though host cAMP-modulation by bacteria-produced cAMP is of 

paramount importance for M. tuberculosis pathogenicity, the knowledge of the molecular 

mechanism behind this cAMP export is surprisingly scarce. To date, the influence of albumin 

and oleic acid on cAMP synthesis and secretion was monitored. Albumin strongly impairs 

the synthesis as well as the export of cAMP in M. tuberculosis. Addition of oleic acid 

reconstitutes AC activity, but cAMP secretion is still prevented, leading to accumulation of 

cAMP in the cytoplasm(194). However, which protein(s) are involved in the pathogenic cAMP 
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secretion of M. tuberculosis is still unknown. A promising candidate could be the protein 

Rv1636 of the USP (for universal stress protein) family. Rv1636 is a novel cAMP ñspongeò 

protein, which can be secreted via the SecA2 protein secretion system(237,238). Secreted 

Rv1636 protein could also be detected in serum samples of tuberculosis-infected 

humans(239,240), however a direct involvement of Rv1636 in host cAMP manipulation has not 

been demonstrated yet. In eukaryotes, cAMP can be secreted by ABC transporters (for ATP 

binding cassette) like AbcB3 from the single-cell amoeba Dictyostelium discoideum(241) or 

the human MRP4 and MRP5 (for multidrug resistant protein) proteins(242,243). 

The degradation of cAMP is performed by a 3ô,5ô-cMN PDE (for phosphodiesterase) via 

hydrolysis. Since the structural mechanism underlying PDE-cAMP degradation remains 

elusive, it can only be speculated that a nucleophilic attack of the phosphodiester bond of 

the Ŭ-phosphate via a metal-ion coordinated H2O occurs, resulting in the formation of AMP. 

Based on their sequence homology, PDEs can be subdivided into three classes. While class 

I PDEs (H[X]3H[X]25-35D/E motif) are only present in eukaryotes, only few bacteria, like V. 

fischeri, possess a class II PDE(HXHLDH motif)(244). The predominant PDEs in bacteria are 

part of the class III PDEs(245). PDEs of this class harbor conserved sequenced blocks (D-

[X]n-GD-[X]n-GNH[E/D]-[X]n-H-[X]n-GHXH), which form a metal coordinating center(246). One 

of the best characterized class III PDEs is the PDE CpdA from E. coli. In vitro analysis of 

purified CpdAEc protein showed that CpdAEc is capable of hydrolyzing cAMP and that this 

process is dependent on the presence of Fe2+ ions (in the form of e.g. FeCl2)(247). Production 

of the PDE from Vibrio vulnificus CpdAVv (51 % identity to CpdAEc) was shown to be 

transcriptionally regulated by Crp of V. vulnificus, leading to cpdAVv gene induction in the 

presence of cAMP(248). 

Studies of different PDEs revealed that the end product of the catalytic activity of PDEs can 

be either 5ô-, 3ô- or even 2ô-AMP, dependent on the PDE and the hydrolyzed cAMP molecule. 

For instance, CpdAEc exclusively produces 5ô-AMP(247), while Rv0805 from M. tuberculosis 

was shown to produce both 5ô- and 3ô-AMP (ratio 2:1)(249). The reason for this broader 

product range is a higher flexibility of the catalytic center of Rv0805, enabling binding of 

cAMP in different orientations, leading to hydrolysis of either the 5ô- or 3ô-phophodiester 

bond(249). Additionally, Rv0805 was shown to bind and catalytically process 2ô,3ô-cAMP, a 

structural isomer of 3ô,5ô-cAMP with yet elusive biological function in bacteria. Consequently, 

Rv0805-driven hydrolysis results in producing 3ô-AMP and 2ô-AMP in a 4:1 ratio(249). While 

both CpdAEc and Rv0805 show only a diesterase activity, the protein PdeA from M. xanthus 

additionally possesses a monoesterase activity, resulting in the consecutive production of 

adenosine during hydrolysis of both 3ô,5ô- and 2ô,3ô-cAMP(250). The class III PDE SpdA from 

S. meliloti was shown to discriminate 3ô,5ô-cAMP and only accept 2ô,3ô-cAMP as its 

substrate. This discrimination of 3ô,5ô-cAMP as its substrate is believed to ñinsulateò the 3ô,5ô-
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cAMP signaling pathway from an unspecific 2ô,3ô-cAMP response, adding yet another layer 

to the complex cAMP-regulation in this bacterium(251). 

 

Fig. 10: Overview of the cAMP metabolism in bacteria.  
Cartoon representation of the typical cAMP metabolism in bacteria. Upon an external or internal signal, the 
cAMP synthesis is triggered. Here, a membrane bound or cytosolic AC/GC converts ATP to cAMP. In turn, cAMP 
can allosterically bind to and activate Crp-like transcriptional regulators, leading to a changed expression of 
target genes. Typical cAMP-mediated regulations comprise motility, carbon and amino acid metabolism as well 
as virulence or symbiosis related traits. To balance or reduce the cAMP signaling response, the nucleotide 
second messenger can either be secreted or degraded by PDE proteins, resulting in the formation of e.g. AMP. 
Abbreviations: AC/GC, adenylate cyclase/ guanylate cyclase; PDE, phosphodiesterase. 

1.3 - The model organism Sinorhizobium meliloti 

The Ŭ-proteobacterium Sinorhizobium meliloti (also referred to as Ensifer meliloti) is a soil-

dwelling, rod-shaped, Gram-negative bacterium. More than 100 years ago, S. melilotiôs 

ability to engage in a symbiotic interaction with leguminous plants of the genera Medicago, 

Trigonella and Melilotus sparked the interest of the scientific community. Fast forward to 

2001, S. meliloti research paramounted in the sequencing and publication of its complete 

genome sequence(252), just four years after the publication of the E. coli genome 

sequence(253). S. meliloti possesses a multipartite genome, comprised of a chromosome 

(~3.65 Mbp) and two ECRs (for extrachromosomal replicons), the megaplasmid pSymA 

(~1.35 Mbp) and the chromid pSymB (~1.68 Mbp)(252). The megaplasmid pSymA is also 

referred to as the ñsymbioticò plasmid, containing a multitude of genes necessary for the 

symbiotic interaction, yet non-essential during free-living conditions, whilst pSymB encodes 

many transporters and even some essential genes like the tRNAArg or engA (encoding a 

Der family GTPase) genes(252,254). 

S. meliloti can follow two different lifestyles. In the soil it follows a free-living saprophytic 

lifestyle, feeding on decaying organic material. However, upon meeting an appropriate 

interaction partner, it can engage in a symbiotic interaction, where it infects, proliferates and 

finally differentiates into an N2 fixing bacteroid form(255). To ensure survival in both ecological 



1 Introduction 

40 

niches, S. meliloti attained a variety of versatile biosynthesis pathways and other molecular 

traits. These include for example, the synthesis of different signaling molecules, needed for 

plant infection(256), an unipolar growth, favorable for proliferation within plant cells(257) or the 

de novo synthesis of cobalamin (vitamin B12). Latter is a highly complex process 

undertaken in 30 different enzymatical steps, only performed by very few organisms(258). 

Cobalamin itself is indispensable for the function of some symbiotic related proteins of S. 

meliloti (259). 

1.3.1 - Special features of cAMP signaling in S. meliloti 

Particularly remarkable is the high abundance of genes encoding NSM producing proteins 

like the 17 GGDEF-containing diguanylate cyclases or the 28 class III AC/GCs present in 

S. meliloti(127,199).  

To this date, only a handful of the 28 AC/GCs received closer attention of the scientific 

community. Pioneering research on the topic of cAMP-signaling in S. meliloti was performed 

by the group of Jacques Batut at the University of Toulouse, more than a decade ago. He 

and his co-workers demonstrated the involvement of cAMP signaling during the symbiotic 

interaction of S. meliloti and its host plants of the genus Medicago. They reported that a 

plant derived signal molecule, identified as the ribosomal protein RPuL2, is perceived by 

the outer membrane protein NsrA from S. meliloti(231). The nsrA coding sequence is located 

on the ECR pSymB and the nsrA gene overlaps at its 3ô-end with the coding sequence of 

cyaK. NsrA is composed of an N-terminal ɓ-barrel structure followed by a C-terminal FecR-

like domain(230). After perception of the plant signal, NsrA triggers the AC activity of the three 

inner-membrane localized ACs CyaK, CyaD1 and CyaD2. All three ACs contain an N-

terminal CHASE2-domain, which is localized in the periplasm (Fig. 11). Further analysis 

revealed that predominantly CyaK activity is modulated by NsrA(230). The de novo 

synthesized cAMP leads to Clr-dependent transcriptional activation of Clr regulon genes 

like smc02178 or smb20495, both encoding proteins of unknown function(199,232,260). Deletion 

of either the smc02178 or smb20495 resulted in an increase of secondary root hair infection 

events(260). Additionally, Medicago plants infected by the smc02178 mutant showed 

decreased ethylene concentrations within nodulating roots and shoots compared to plants 

infected by the WT. This suggests that the modulation of secondary root hair infections in 

the course of AOI is mediated by ethylene production and concomitant signaling of the plant 

host(233). 

Both, smc02178 and smb20495 are part of the Clr regulon. Initial characterization of the 

regulon was achieved via overproduction of CyaJ, one of the 28 ACs present in S. meliloti. 

Overproduction of CyaJ resulted in the downregulation of numerous genes related to 

swimming motility, including fla and flg genes encoding for flagellar proteins(199). On the 



1 Introduction 

41 

other hand, seven genes of the exo-exs gene cluster as well as genes of the nodP2-exoF3 

gene cluster could be detected among the upregulated genes. Gene products of the former 

gene cluster are involved in succinoglycan production, an EPS, which is important for 

infection thread progression in the early stage of host infection(37). The latter gene cluster 

encodes putative proteins, which can attach a sulfate-modification to NFs, which was shown 

to be essential for symbiosis(199,261,262). To this date, the Clr regulon comprises hundreds of 

genes, most of which coding for proteins of unknown function(199,200,260). 

The most recently published results, concerning AC/GCs in S. meliloti, covered the 

characterization of the redox-responsive AC/GC CyaC by the group of Gottfried Unden at 

the Johannes Gutenberg University of Mainz. CyaC is a membrane bound AC/GC, 

anchored by six TMHs and containing a tetra-histidine diheme-B-succinate-quinone 

oxidoreductase-like signature motif(170). Additionally, CyaC carries a binuclear iron-sulfur 

cluster ([2Fe-2S]-type ferredoxin motif) close to the catalytic center of the AC/GC, allowing 

oxidation state-dependent catalytic activation or inactivation of CyaC in concert with two 

heme-B molecules bound in the membrane anchor(170). Concomitant studies revealed that 

CyaC engages in a protein-protein interaction network, comprised of CyaC, the Crp-like 

transcriptional regulator Clr and the TetR-like transcriptional regulator CycR (for CyaC-

dependent regulator). At the beginning of the CyaC-CycR-Clr transcriptional regulation 

network only CyaC and CycR engage in a protein-protein interaction. This interaction 

involves CyaC in either unbound or ATP/ cAMP bound state. Upon redox-dependent 

activation of CyaCôs catalytic activity, the AC/GC binds ATP to convert this molecule to 

cAMP. When CyaC is in the ATP bound state, Clr is able to engage in a protein-protein 

interaction with CyaC, but not with CycR. After the conversion of ATP to cAMP and the 

consecutive transfer of the NSM to Clr, the two transcriptional regulators Clr and CycR are 

able to engage in a protein-protein interaction. Additionally, cAMP-Clr loses its affinity 

towards CyaC, resulting in the dissociation of Clr from CyaC and release of the cAMP-Clr-

CycR regulator complex. Concomitantly, the Clr regulon can be activated by this 

transcriptional regulator complex(263) (Fig. 11). Whether CycR alters the Clr-mediated 

transcriptional regulation awaits further clarification. 
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Fig. 11: The molecular mode of action of the so far characterized AC/GCs CyaC and CyaD1, CyaD2 and 
CyaK from S. meliloti. 
The symbiosis associated cAMP-signaling route (left) is comprised of the outer membrane ɓ-barrel protein NsrA, 
containing a periplasmic FecR-like domain, the three CHASE2 domain containing AC/GCs CyaD1, CyaD2 and 
CyaK, located in the inner membrane, as well as the cytoplasmic Crp-like transcriptional regulator Clr. Upon 
perception of the plant derived signal of protein nature, namely the ribosomal protein RPuL2, NsrA activates the 
catalytic activity of CyaD1, CyaD2 and CyaK, resulting in cAMP synthesis. The molecular mechanisms 
underlying this activation remains elusive. Concomitantly, cAMP can bind the transcriptional regulator Clr, which 
in turn triggers the expression of Clr regulon genes, resulting in the inhibition of secondary root hair infections 
throughout the Sinorhizobium-Medicago symbiosis (AOI)(230ï233,260). The redox-activated cAMP-signaling route 
(right) is comprised of the AC/GC CyaC, anchored to the inner membrane via six TMHs, the TetR-like 
transcriptional regulator CycR and the Crp-like transcriptional regulator Clr. The CyaC-homodimer is bound by 
two heme-B molecules at the tetra-histidine signature motif, located inside the 6 TMHs, in an unoxidized state. 
Further, two Fe-S clusters are bound close to the catalytic center of CyaC. In this state, CyaC is catalytically 
inactive (off-state). Additionally, the transcriptional regulator CycR is able to bind CyaC in the off-state. Upon 
oxidization of the two heme-B molecules and concomitant transduction of the signal input to the Fe-S cluster, 
CyaC catalytic activity is triggered. Binding of ATP to CyaC enables the protein-protein interaction of CyaC and 
Clr. CycR and Clr are not capable of interacting in this state. After conversion of ATP into cAMP by CyaC, Clr 
allosterically binds cAMP. In turn, Clr and CycR can now engage in a protein-protein interaction. Simultaneously, 
Clr loses the affinity towards CyaC. Hence, the cAMP-Clr-CycR transcriptional regulator complex is released 
and consequently activates Clr-target gene expression. Whether the protein-protein interaction of CycR and Clr 
entails a transcriptional effect, altering e.g. Clr regulon regulation, requires further clarification(170,263). 
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1.4 - Aim of this study 

The NSM 3ô,5ô-cAMP is one of the most ubiquitous signaling molecules, present in all 

kingdoms of life and shown to be involved in various different signaling responses. In the S. 

meliloti-Medicago symbiosis, cAMP signaling is involved in the negative regulation of 

secondary root hair infections. This process is mediated by the CHASE2 domain AC/GCs 

CyaD1, CyaD2 and CyaK, which are activated upon perception of a plant signal of protein 

nature. The genome of S. meliloti contains 28 annotated AC/GC genes, suggesting that 

additional AC/GCs may contribute to the regulation of symbiotic traits in S. meliloti. 

Phytohormones, like CKs, are essential regulators of nodule development, yet CK 

perception and regulation in symbiotic bacteria is still not understood. 

The aim of this work was to determine, whether S. meliloti is able to respond to CK 

phytohormones in a cAMP dependent manner. Further aims were to elucidate, whether the 

cAMP signal response of S. meliloti varies upon exposure to different CK compounds and 

to identify the AC/GC(s) responsible for the CK signal perception. After identifying iP as the 

most potent inducer and CyaB as the responsive AC/GC, the iP response of S. meliloti was 

examined with regard to the dynamic range of iP induction, heterogeneity in the population 

and physiological adaptations. 

The next aim was to investigate, whether the iP-CyaB response is an S. meliloti specific 

phenomenon, or whether it is conserved within the Rhizobiaceae family and further, if the 

response is related to the ability of the species to interact with plants. 

Previous studies of AC/GCs have shown that catalytic activation of the AC/GC often relies 

on protein-protein interactions of the respective AC/GC and an interaction partner. Hence, 

the last aim of this work was to identify putative ancillary proteins, engaging in a protein-

protein interaction with CyaB, potentially intertwining them in the CK response of S. meliloti. 
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2 - Materials & Methods 

2.1 - Materials 

2.1.1 - Culture media and additives 

2.1.1.1 - Growth media 

Table 1: Recipes for growth media 
For solid agar plates, 15 g/ L Agar was added to the growth media prior to autoclavation. 
* Autoclave prior to use. 
** Filter sterilize prior to use using a 0.45 Õm filter. 
*** dissolved in 100 mM NaOH. Filter sterilize prior to use using a 0.45 Õm filter. 

Component Concentration 

LB medium * 

Yeast Extract 5 g/ L 

Tryptone 10 g/ L 

NaCl 5 g/ L 

SOB medium * 

Yeast Extract 5 g/ L 

Tryptone 20 g/ L 

NaCl 10 mM 

KCl 2.5 mM 

MgCl2 10 mM 

MgSO4 10 mM 

SOC medium * 

Yeast Extract 5 g/ L 

Tryptone 20 g/ L 

NaCl 10 mM 

KCl 2.5 mM 

MgCl2 10 mM 

glucose 20 mM 

M9-maltose medium (for 100 mL) 

H2O 76 mL 

5x M9 salts * 20 mL 

MgSO4 [1 M] * 250 ÕL 

Casamino acids [10 %] ** 2 mL 

Maltose [10 %] ** 2 mL 

TY Medium * 

Yeast Extract 3 g/ L 

Tryptone 5 g/ L 
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CaCl2 Å 2 H2O 0.4 g/ L 

Vincent minimal medium (VMM) 

Vincent basic solution * 1 L 

CaCl2 Å 2 H2O [500 mM] * 1 mL 

FeCl3 Å 6 H2O [37 mM] ** 1 mL 

Biotin [1 mg/ mL] *** 1 mL 

Oligoelements ** 1 mL 

MOPS minimal medium (MMM) 

MOPS basic solution * 1 L 

CaCl2 Å 2 H2O [500 mM] ** 500 ÕL 

FeCl3 Å 6 H2O [37 mM] ** 1 mL 

Biotin [1 mg/ mL] *** 1 mL 

K2HPO4 [1 M] * 2 mL 

Oligoelements ** 1 mL 

Table 2: Growth media solutions 
* Autoclave prior to use. 

Component concentration 

5x M9 salts * 

KH2PO4 15 g/ L 

Na2HPO4 Å 2 H2O 64 g/ L 

NaCl 2.5 g/ L 

NH4Cl 5 g/ L 

Vincent basic solution * 

K2HPO4 14.7 mM 

KH2PO4 11.5 mM 

MgSO4 1 mM 

Mannitol 10 g/ L 

Na glutamate 1 g/ L 

adjust to pH 7.0 with HCl or NaOH 

MOPS basic solution * 

MOPS 10 g 

Mannitol 10 g 

Na glutamate 3.55 g 

MgSO4 Å 7 H2O 0.246 g 

adjust to pH 7.2 with KOH 

Oligoelements * 

H3BO3 3 g/ L 



2 Materials & Methods 

46 

MnSO4 Å 4 H2O 2.23 g/ L 

ZnSO4 Å 7 H2O 0.287 g/ L 

CuSO4 Å 5 H2O 0.125 g/ L 

CoCl2 Å 6 H2O 0.065 g/ L 

NaMoO4 Å 2 H2O 0.12 g/ L 

2.1.1.2 - Antibiotics 

Table 3: Antibiotics 
* Dissolved in 70 % EtOH and stored at -20 ÁC. 
** Stored at -20 ÁC in the dark. 

Antibiotic 
Stock conc. 

[mg/ mL] 

working conc. [Õg/ mL] 

(liquid/ solid) 

E. coli S. meliloti A. fabrum 

Ampicillin (Amp) 100 100/ 150 / / 

Gentamycin (Gm) 30 4/ 8 15/ 30 / 

Kanamycin (Km) 100 50/ 100 100/ 200 100/ 200 

Spectinomycin (Sp) 100 50/ 100 100/ 200 100/ 200 

Streptomycin (Str) 300 / 300/ 600 / 

Chloramphenicol * (Cm) 15 15/ 30 / / 

Tetracycline ** (Tc) 10 5/ 10 / / 

2.1.1.3 - Special and inducing growth media additives 

Table 4: Special growth media additives 
* These compounds were dissolved in H2O. Only X-Gal was dissolved in DMSO. 
** These compounds were dissolved in either 99 % EtOH or in DMSO. 

Compound Stock conc. 
working conc. 

E. coli S. meliloti A. fabrum 

General * 

IPTG 500 mM 100 - 500 ÕM / / 

arabinose 10 % 0.05 % / / 

sucrose 50 % / 10 % / 

X-Gal 100 mg/ mL 100 Õg/ mL / / 

Cytokinins ** 

iP 20 mM / 300 ÕM 300 ÕM 

tZ 20 mM / 300 ÕM / 

kinetin 20 mM / 300 ÕM / 

6-BAP 20 mM / 300 ÕM / 

Auxin ** 

IAA 20 mM / 300 ÕM / 

 

2.1.2 - Buffer solutions 

Table 5: Recipes for buffer solutions 
* prior to MnCl2 addition, the pH of the mixture was adjusted to 6.7 using KOH. 
** The TB buffer was filter sterilized using a 0.45 Õm filter. 
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TB buffer *, ** 

KCl 250 mM 

CaCl2 Å 2 H2O 15 mM 

Hepes 10 mM 

MnCl2 55 mM 

PBS ** 

NaCl 140 mM 

KCl 2.7 mM 

Na2HPO4 Å 2 H2O 10 mM 

KH2PO4 1.8 mM 

adjust pH to 7.2 

PBST 

PBS  

Tween-20 0.5 % 

PBST-M  

PBST  

Milk powder 5 % 

TE buffer 

Tris (pH 8.0) 10 mM 

EDTA 1 mM 

50x TAE buffer 

Tris 2 M 

EDTA 50 mM 

Acetic acid adjust pH to 8.2 

6x DNA loading buffer 

Glycerol 30 % 

Bromophenol blue 0.3 g/ L 

10x FastDigest Green 

buffer 
100 ml/ L 

protein extraction buffer A/ elution buffer B 

for CyaBACYC 

Hepes 20 mM 

NaCl 200 mM 

KCl 20 mM 

MgCl2 20 mM 

Imidazole 20 mM (A)/ 500 mM (B) 

PMSF (optional) 1 mM 
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adjust pH to 7.0  

protein extraction buffer A/ elution buffer B 

for Dxs-C3F 

Tris 20 mM 

NaCl 250 mM 

Glycerol 5 % 

Imidazole 20 mM(A)/ 500 mM (B) 

PMSF (optional) 1 mM 

adjust pH to 7.0  

Ni-NTA stripping buffer 

NaCl 500 mM 

Na2HPO4 Å 2 H2O 20 mM 

EDTA 50 mM 

adjust pH to 7.4  

NiCl2 solution 

NiCl2 200 mM 

NaOH solution (Ni-NTA wash) 

NaOH 1 M 

Isopropanol solution (Ni-NTA was) 

Isopropanol 30 % (v/v) 

NaCl solution (saline) 

NaCl 0.9 % 

SDS-separation gel (12 %, for 2 SDS-PAGE gels) 

H20 2.55 mL 

4x separation buffer 2 mL 

Acrylamide 

(RotiphoreseGel 30 

37.5:1) 

3.2 mL 

APS (10 %) 80 ÕL 

TEMED 8 ÕL 

4x separation buffer 

Tris 1.5 M Tris 

SDS 0.4 % 

adjust pH to 8.8  

SDS-stacking gel (6 %, for 2 SDS-PAGE gels) 

H20 1.65 mL 

4x stacking buffer 750 ÕL 
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Acrylamide 

(RotiphoreseGel 30 

37.5:1) 

600 ÕL 

APS (10 %) 30 ÕL 

TEMED 3 ÕL 

4x stacking buffer 

Tris 0.5 M Tris 

SDS 0.4 % 

adjust pH to 6.8  

10x SDS-running buffer 

Tris 30.3 g/ L 

Glycine 144 g/ L 

SDS 10 g/ L 

2x Laemmli buffer 

Tris-HCl (pH 6.8) 100 mM 

SDS 4 % 

Glycerol 20 % 

EDTA 25 mM 

Bromophenol blue 0.04 % 

Coomassie staining solution (1 L) 

H2O 500 mL 

Acetic acid 100 mL 

Ethanol 400 mL 

Coomassie brilliant blue 

R-250 
1 g/ L 

destaining solution (1 L) 

H2O 600 mL 

Acetic acid 100 mL 

Ethanol 300 mL 

transfer buffer 

Tris 25 mM 

Glycine 192 mM 

Methanol 20 % 

pH ~8.3 (do not adjust) 

proteome lysis buffer 

Hepes (pH 7.5) 40 mM 
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sodium lauryl sarcosinate 

(SLS) 
4 % 

CoIP lysis buffer 

Tris (pH 7.4) 50 mM 

NaCl 150 mM 

EDTA 1 mM 

Triton X-100 1 % 

PMSF 1 mM 

metabolite extraction buffer 

TE buffer (pH 7.0, using 

HPLC grade Tris 

[TRIZMA]) 

50 % 

methanol (100 %) 50 % 

2.1.3 - General materials 

2.1.3.1 - Consumables 

Table 6: Consumables 

Consumable Provider 

96-well plate (flat bottom, transparent/ black) Greiner bio-one 

96-well plate aluminum seal Greiner bio-one 

96-well plate plastic lid Greiner bio-one 

96-well plate transparent seal Greiner bio-one 

AmiconÈ Ultra Centrifugal Filter (15 mL, 30 kDa) Merck Millipore 

Cryotube Sarstedt 

Cuvettes (for electroporation) Thermo Fisher Scientific 

Cuvettes (one time use) Sarstedt 

Glasbeads 0.1 mm Roth 

Kimtech Wipes Kimtech Science 

Parafilm 
Pechiney Plastics 

Packaging  

PCR-reaction tube (8-stripe, 0.2 ÕL) Biozym Scientific GmbH  

Petri dish Greiner bio-one 

Pipette tip Sarstedt 

PTFE hydrophobic filter (0.2 Õm; 4 mm) Merck Millipore 

PVDF Transfer Membrane (0.2 Õm) Thermo Fisher Scientific 

Reaction tube (1.5 mL, 2 mL, 15 mL, 50 mL) Sarstedt 

Sterilfilter Filtorpure BT50 0.2 ÕM Sarstedt 
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Sterilfilter Filtropur S 0.2 ÕM Sarstedt 

Whatman Paper 3 MM CHR Cytiva 

2.1.3.2 - Kits 

Table 7: Kits 

Kit Provider 

Anti-FLAGÈ M2 immunoprecipitation kit Sigma 

DNeasy Blood & Tissue Kit  QIAGEN 

E.Z.N.A.È Cycle-Pure Kit Omega bio-tek 

E.Z.N.A.È Plasmid Mini Kit I Omega bio-tek 

IllustraÊ GFXÊ PCR DNA and Gel Band 

Purification Kit 
GE Healthcare Life Sciences 

PierceÊ BCA Protein Assay Kits  Thermo Fisher Scientific  

PierceÊ Western Blot Signal Enhancer Thermo Fisher Scientific  

2.1.3.3 - Enzymes, Enzyme Buffers, Antibodies and Standards 

Table 8: Enzymes, Enzyme Buffers, Antibodies and Standards 

Enzyme Provider 

Alkaline Phosphatase (FastAP) Thermo Fisher Scientific 

BsaI Thermo Fisher Scientific 

FastDigest Enzyme Thermo Fisher Scientific 

Q5È High-Fidelity DNA-Polymerase NEB 

T4-Ligase NEB 

T4-PNK NEB 

Taq-Polymerase NEB 

Buffer  Provider  

10x FastDigest buffer Thermo Fisher Scientific 

10x FastDigest Green buffer Thermo Fisher Scientific 

10x T4-Ligase Buffer Thermo Fisher Scientific 

10x ThermoPolÊ Puffer (10x)  NEB 

5x Q5-buffer NEB 

Antibody  Provider  

ANTI-FLAG® M2-antibody (mouse) Sigma 

Standard  Provider  

GeneRuler 1 kb Plus DNA Ladder  Thermo Fisher Scientific 

PageRulerÊ Prestained Protein Ladder Plus  Thermo Fisher Scientific 

2.1.3.4 - Chemicals 

Table 9: Chemicals 

Chemical Provider 

1,4-Dithiothreitol (DTT) Roth 

2-Propanol (Isopropanol) Roth 
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3-(N-morpholino)propanesulfonic acid (MOPS) Merck 

3',5'-cAMP BioLog 

3',5'-cGMP BioLog 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(Hepes) 
Roth 

5-Bromo-4-chloro-3-indolyl-ɓ-D-galactopyranoside (X-

Gal) 
Roth 

6-Benzylaminopurine (6-BAP) Sigma 

Acetic acid Roth 

acetonitrile (ACN) Sigma 

Acrylamide (RotiphoreseGel 30 [37,5:1]) Roth 

Adenine Sigma 

Agar BD 

Agarose Standard Roth 

ammonium acetate Sigma 

Ammonium chloride (NH4Cl) Roth 

Ammonium persulfate (APS) Roth 

Ampicillin sodiumsalt Roth 

Arabinose Roth 

Biotin Sigma 

Boric acid (H3BO3) Roth 

Bromophenol blue Serva 

Calcium chloride dihydrate (CaCl2 Å 2 H2O) Roth 

Chloramphenicol  Roth 

Cobalt(II)-chloride hexahydrate (CoCl2 Å 6 H2O) Merck 

Coomassie brilliant blue R-250 Sigma 

Copper(II)-sulfate pentahydrate (CuSO4 Å 5 H2O) Roth 

D-(+)-Glucose monohydrate (glucose) Merck 

D-(+)-Maltose monohydrate Merck 

Deoxynucleotide triphosphates (dNTPs) Thermo Fischer Scientific 

Dimethyl sulfoxide (DMSO) Roth 

Dipotassium phosphate (K2HPO4) Roth 

Disodium phosphate (Na2HPO4) Roth 

D-Mannitol Roth 

DMAPP Sigma 

Ethanol (EtOH) Roth 

Ethidium bromide Roth 
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formaldehyde 37 % Roth 

formic acid Sigma 

Gentamycin sulfate Serva 

Glycerol (86 %) Roth 

Glycine Roth 

Hydrochloric acid (HCl, 37 %) Roth 

Imidazole Sigma 

Indole-3-acetic acid (IAA) Sigma 

iodoacetamide Sigma 

Iron(III)-chloride (FeCl3) Roth 

Isopropyl ɓ-D-1-thiogalactopyranoside (IPTG) Roth 

Kanamycin Roth 

Kinetin Sigma 

Magnesium chloride (MgCl2) Roth 

Magnesium sulfate (MgSO4) Roth 

Manganese(II)-chloride (MnCl2) Roth 

Manganese(II)-sulfate (MnSO4) Merck 

Medronic acid Merck 

Methanol (MeOH, 99.5 %) Roth 

Milk powder Roth 

N6-(æ2-isopentenyl)adenine (iP) Biomol 

Nickel(II)-chloride (NiCl2) Roth 

Phenylmethylsulfonyl fluoride (PMSF) Roth 

Potassium chloride (KCl) Roth 

Potassium dihydrogen phosphate (KH2PO4) Merck 

Potassium hydroxide (KOH) Roth 

Sodium chloride (NaCl) Roth 

Sodium dodecyl sulfate (SDS) Roth 

Sodium glutamate (Na glutamate) Roth 

Sodium hydroxide (NaOH) Roth 

sodium lauryl sarcosinate (SLS) Sigma 

Sodium molybdate (NaMoO4) Merck 

Spectinomycin sulfate Glentham Life Sciences  

Streptomycin Roth 

Sucrose Merck 

Tetracycline Hydrochloride  Sigma 

Tetramethylethylenediamine (TEMED) Roth 
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thylenediaminetetraacetic acid (EDTA) Roth 

trans-Zeatin (tZ) Sigma 

trifluoroacetic acid (TFA) Thermo Fischer Scientific 

Tris(2-carboxyethyl) phosphine (TCEP) Thermo Fischer Scientific 

Tris(hydroxymethyl)-aminomethane (Tris) Roth 

Triton X-100 Roth 

TRIZMAÈ Base Merck 

trypsin Serva 

Tryptone BD 

Tween-20 Roth 

Yeast Extract BD 

Zinc sulfate (ZnSO4) Merck 

Ŭ-Lactose monohydrate Roth 

2.1.3.5 - Devices and columns 

Table 10: Devices and columns 

Device Provider 

Agilent 6495 ion funnel mass spectrometer  Agilent 

Agilent Infinity II 1290 HPLC Agilent 

 kta startTm Cytiva 

AmershamÊ ImageQuant 800   GE Healthcare 

Autoclave VX-150 Systec 

Bioer HB 202  Bioer Techonology Co.  

Biowizard Silverline (Blue Series Technology) Kojair 

C18 solid phase extraction cartridges  Macherey-Nagel 

Centrifuge 5430/5430R/5424/5424R  Eppendorf 

Centrifuge UNIVERSAL 320 R Hettich 

Eclipse Ti-E inverted microscope Nikon 

Exploris 480 LCMS Thermo Fisher Scientific 

French Press cell disruptor Thermo Fisher Scientific 

Gel-electrophoresis power device E143 Consort 

Gel-electrophoresis power device EV261 Peqlab 

HAT Ecotron incubator Infors HT 

Heat block Labnet 

Heraeus Microbiological Incubators B12/ B6760 Thermo Fisher Scientific 

High precision scale ABJ-NM/ABS-N  Kern 

HisTrapTm HP-column (5 mL) Cytiva 

Homogenisators (PrecellysÈ 24 ) Peqlab 
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HPLC guard column (20 Ĭ 2.1 mm, 5 ɛm particle size) Phenomoenex 

InfiniteÈ 200 PRO microtiterplate photometer Tecan 

inoLabÈ pH 7110 basic pH-meter WTW 

Laboport vacuum pump KNF 

LSRFortessaÊ flow cytometer BD 

MastercyclerÈ Nexus GX2 Eppendorf 

Memmert WNB 7 water bath Memmert 

Microwave Panasonic 

Multitron incubator Infors HT 

NanoDropÊ 2000 UV-Vis spectrophotometer Thermo Fisher Scientific 

Nanospray flex ion source Thermo Fisher Scientific 

ReasearchÈ Plus Pipette Eppendorf 

ROTILABOÈ MH 15 heat- and magnetic stirrer  Roth 

Sapphire DPSS solid state laser Coherent 

Sapphire diode laser Coherent 

Scale Sartorius 

Scale FKB 15KO.5A Kern 

SDS-PAGE Gel caster Hoefer Inc 

SDS-PAGE Gel electrophoresis chamber Hoefer Inc 

Semi-Dry Blotter Biotec-Fischer 

SeQuant ZIC-pHILIC column (150 Ĭ 2.1 mm, 5 ɛm 

particle size, peek coated) 
Merck 

SevenEasy pH-Meter Mettler Toledo 

SorvallÊ RC 6 Plus centrifuge Thermo Fisher Scientific 

Thermocycler TProfessional TRIO Biometra 

Thermomixer Eppendorf 

Titramax 100/1000 Heidolph 

Ultimate 3000 RSLC nano Thermo Fisher Scientific 

Ultrospec 2100 pro spectrophotometer biochrom 

Unimax 2010 96-well plate incubator Heidolph 

UV Transilluminator Wealtec 

Vortex IKA 

2.1.3.6 - Software 

Table 11: Software 

Software Provider 

AlphaFold3 Google DeepMind(264) 

Bprom SoftBerry 
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ChimeraX v1.9 UCSF 

FlowJo v10.8 BD Life Sciences 

i-control 2.0.10.0 Tecan 

ImageJ v1.8.0_0345 National Institutes of Health, Bethesda-MD, USA 

iTOL Ivica Letunic and Peer Bork 2024(265) 

MassHunter Agilent 

NGPhylogeny Olivier Gascuel and Sarah Cohen-Boulakia Labs(266) 

NIS-Elements v4.13 Nikon 

Office 2019 Microsoft 

Perseus v1.6.15.0  J¿rgen Cox Lab(267) 

PHOBIUS Stockholm Bioinformatics Centre 

Prism GraphPad 

ProtParam Swiss Institute of Bioinformatics (SIB, Expasy) 

Pymol Schrºdinger 

SignalP v6.0 
Department of Health Technology of the Technical University of 

Denmark (DTU) 

Snapgene GSL Biotech LLC 

TMHMM v2.0 
Department of Health Technology of the Technical University of 

Denmark (DTU) 

2.1.4 - Bacterial strains, plasmids and oligonucleotides 

2.1.4.1 - Bacterial strains 

Table 12: Bacterial strains 

Strain Descrption Reference 

E. coli 

E. coli BL21 DE3 Fï ompT gal dcm lon hsdSB(rBïmBï) 

ɚ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 

nin5]) [malB+]K-12(ɚS) 

NEB 

E. coli BTH101 F- cya-99 araD139 galE15 galK16 rpsL1 

(strr) hsdR2 mcrA1 mcrB1 

Karimova et al. 

2005(268) 

E. coli DH5Ŭ Fï endA1 supE44 thi-1l-recA1 gyrA96 

relA1 deoRD(lacZYA-argF)U169 Nxs Strs 

Rifs Thi- Lac- Ara+Gal+ Mtl- F- RecA+ 

Uvr+ Lon+ 

Grant et al. 

1990(269) 

E. coli DH5Ŭ ɚpir DH5Ŭ uidA::pir+ Platt et al. 2000(270) 

E. coli MT616 E. coli MT607 (pro-82 thi-I hsdR17 

supE44 recA56) containing the pRK600 

helper plasmid for triparental mating, Cmr 

Finan et al. 

1986(271) 
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E. coli TB28 MG1655 ælacIZYA, contains plasmid 

pAH69 helper plasmid containing IntHK022 

(Haldimann and Wanner 2001(272)) 

Bernhardt and de 

Boer 2004(273) 

S. meliloti 

Rm2011 Wild type, Strr Casse et al. 

1979(274) 

æcyaA Rm2011 with markerless deletion of cyaA Schªfer et al. 

2026(275) 

æcyaB Rm2011 with markerless deletion of cyaB Schªfer et al. 

2026(275) 

æcyaC Rm2011 with markerless deletion of cyaC Schªfer et al. 

2026(275) 

æcyaD1D2K Rm2011 with markerless deletions of 

cyaD1, cyaD2 and cyaK 

Schªfer et al. 

2026(275) 

æcyaE1 Rm2011 with markerless deletion of 

cyaE1 

Schªfer et al. 

2026(275) 

æcyaE2 Rm2011 with markerless deletion of 

cyaE2 

Schªfer et al. 

2026(275) 

æcyaF1-F7 Rm2011 with markerless deletions of 

cyaF1, cyaF2, cyaF3, cyaF4, cyaF5, 

cyaF6 and cyaF7 

Schªfer et al. 

2026(275) 

æcyaG1G2HMO Rm2011 with markerless deletions of 

cyaG1, cyaG2, cyaH, cyaM and cyaO 

Schªfer et al. 

2026(275) 

æcyaI1-4 Rm2011 with markerless deletions of 

cyaI1, cyaI2, cyaI3 and cyaI4 

Schªfer et al. 

2026(275) 

æcyaJ Rm2011 with markerless deletion of cyaJ Schªfer et al. 

2026(275) 

æcyaL Rm2011 with markerless deletion of cyaL Schªfer et al. 

2026(275) 

æcyaN Rm2011 with markerless deletion of cyaN Schªfer et al. 

2026(275) 

æcyaP Rm2011 with markerless deletion of cyaP Schªfer et al. 

2026(275) 

cya0 Rm2011 æcyaABCD1D2E1E2F1-

7G1G2HI1-4JKLMNOP, markerless 

deletions of 28 AC/GC genes 

Werel et al. 

2023(200) 
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cya0::cyaB Rm2011 cya0, cyaBSm reintegrated into 

the chromosome at the native cyaB locus 

this work, Schªfer 

et al. 2026(275) 

æcyaB::cyaB Rm2011 æcyaB, cyaBSm reintegrated into 

the chromosome at the native cyaB locus 

this work, Schªfer 

et al. 2026(275) 

æcyaB::fa04_04595 Rm2011 æcyaB, fa04_04595 (cyaBEa) 

integrated into the chromosome at the 

native cyaB locus 

this work, Schªfer 

et al. 2026(275) 

æcyaB::rl1602 Rm2011 æcyaB, rl1602 (cyaBRj) 

integrated into the chromosome at the 

native cyaB locus 

this work, Schªfer 

et al. 2026(275) 

æcyaB::atu1149 Rm2011 æcyaB, atu1149 (cyaBAf) 

integrated into the chromosome at the 

native cyaB locus 

this work, Schªfer 

et al. 2026(275) 

æppKXI Rm2011 with markerless deletion of 

ppKXI 

this work, Schªfer 

et al. 2026(275) 

æsmc00620 Rm2011 with markerless deletion of 

smc00620 

this work, Schªfer 

et al. 2026(275) 

ærndI Rm2011 with markerless deletion of rndI this work, Schªfer 

et al. 2026(275) 

æsmc01754 Rm2011 with markerless deletion of 

smc01754 

this work, Schªfer 

et al. 2026(275) 

æsmc01755 Rm2011 with markerless deletion of 

smc01755 

this work, Schªfer 

et al. 2026(275) 

Rm2011 æXVI Rm2011 with markerless deletions of 

pleD, smc04015, smb20523, smc01464, 

sma2301, smb20389, smb2044, 

smb20900, smc00038, sma1548, 

smc03178, sma0137, smc00992, 

smc03942, smc00887 and smc00033 

Schªper et al. 

2016(127) 

RMP3498 Rm2011 æpSymAB with pSymB 

reintroduced into the genome, pSymA-

deficient, 1 

diCenzo et al. 

2016(276) 

RMP3499 Rm2011 æpSymAB with pSymA and 

pSymB reintroduced into the genome, 

wild type-like, 1 

diCenzo et al. 

2016(276) 
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RMP3498* RMP3498 with clr from Rm2011 

integrated into the chromosome at the 

native clr locus 

this work, Schªfer 

et al. 2026(275) 

RMP3499* RMP3499 with clr from Rm2011 

integrated into the chromosome at the 

native clr locus 

this work, Schªfer 

et al. 2026(275) 

A. fabrum 

A. fabrum (formerly 

A. tumefaciens 

C58) 

Wild type Hamilton and Fall 

1971(277) 

2.1.4.2 - Plasmids 

Table 13: Used plasmids 

Plasmid Description Reference 

p0-FK luxCDABE Level 0 MoClo p0-15 mScarlet Dropout 

backbone plasmid containing the luxCDABE 

coding sequences (lux operon), Spr 

kindly provided by 

Christian Rauch 

p0-FK thrA-rpoC 

dual-ter 

Level 0 MoClo p0-15 mScarlet Dropout 

backbone plasmid containing the terminator 

sequences of thrA and rpoC, Spr 

kindly provided by 

Christian Rauch 

pABCa mob L1 

mScarlet Dropout 

repABC-based Level 1 MoClo entry vector 

containing a PglpT promoter sequence 

(constitutively active in E. coli) and an 

mScarlet coding sequence, Gmr 

kindly provided by 

Christian Rauch 

pABC-Psyn repABC-based single-copy vector in S. 

meliloti, Spr 

Krol et al. 2020(278) 

pEMGB1 protein overexpression plasmid containing a 

GB1 solubility tag with integrated TEV-

recognition site and an N-terminal 6x His-

Tag, Ampr 

Zhou and 

Wagn(279)er 2010(280) 

pET28a(+) protein overexpression plasmid 6x His-Tag 

sequence (allows N- and C-terminal tag), 

Kmr 

Merck 

pHCL147 pMT178 backbone containing an attHK 

phage attachment site, Plac promoter and 

lacIq-ssDsbA-mScarC coding sequences, 

Tcr 

Lim et al. 2019(281) 
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pHCL150 pHCL148 backbone containing a Para 

promoter sequence and popZ-msfGFP-

H3H4 coding sequences, Cmr 

Lim et al. 2019(281) 

pK18mobsacB High copy number vector, contains lacZ and 

sacB coding sequence, mob site for 

conjugation, used for gene deletion/ 

insertion, Kmr 

Schªfer et al. 

1994(282) 

pKNT25Spe pKNT25 with a SpeI restriction site 

upstream of T25 start codon, Kmr  

Krol et al. 2020(278) 

pKT25-Zip pKT25 carrying the leucine zipper of GCN4, 

Kmr  

Karimova et al. 

1998(283) 

pMAL protein overexpression plasmid containing a 

MBP solubility tag, Ampr 

NEB 

pSRKKm pBBR1MCS-2-derived broad-host-range 

expression vector containing Plac promoter 

and lacIq, lacZŬ+, Kmr 

Khan et al. 2008(284) 

pSRKKm-3xFLAG pSRKKm, contains 3x-FLAG coding 

sequence, Kmr 

B. Schlachter 

pSRKKm-eGFP pSRKKm, contains eGFP coding sequence, 

Kmr 

Schªper et al. 

2016(127) 

pSRKKm-Psmc02178-

eGFP 

pSRKKm-eGFP, contains Psmc02178 promoter 

sequence, Kmr 

Krol et al. 2016(199) 

pUT18C-Zip pUT18C carrying the leucine zipper of 

GCN4, Ampr   

Karimova et al. 

1998(283) 

pUT18Spe pUT18 with a SpeI restriction site upstream 

of T18 start codon, Ampr  

Schªper et al. 

2018(285) 

pWBT pSRKKmGm (pBBR1MCS-5 derivative) 

carrying T5 promoter, Gmr  

Schl¿ter et al. 

2015(286) 

Table 14: Generated plasmids 

pNMS Name Description Construction 

pNMS120 pMAL-TEV pMal, contains substitution 

of the enterokinase 

recognition site with a TEV 

recognition site, Ampr 

Oligo hybridization and 5' 

phosphorylation using 

NMS227 and NMS228; 

restriction of pMal using 

Eco88I and Acc65I; ligation 

of oligo hybrid and pMal 
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pNMS144 pMAL-N6H-TEV pMal-TEV, contains 6x-His 

coding sequence 

integrated in the MBP 

coding sequence at the 5'-

end, Ampr 

Oligo hybridization and 5' 

phosphorylation using 

NMS247 and NMS248; 

restriction of pMal-TEV 

using NdeI; ligation of oligo 

hybrid and pMal 

pNMS239 pSRKKm-cyaB-

C3F 

pSRKKm-3xFLAG, 

contains cyaB coding 

sequence, Kmr 

PCR amplification of PcyaB-

cyaB using NMS397 and 

NMS398; restriction with 

NdeI and XbaI; ligation in 

pSRKKm-3xFflag 

pNMS260 pABC-clr pABC-Psyn, contains clr 

coding sequence, Spr 

PCR amplification of Pclr-clr 

using NMS429 and 

NMS487, restriction with 

KpnI and NheI, ligation in 

pABC-Psyn via KpnI and 

NheI 

pNMS263 pABC-cyaB pABC-Psyn, contains PcyaB 

promoter sequence, cyaB 

coding sequence, Specr  

PCR amplification of PcyaB-

cyaB using NMS529 and 

NMS509; restriction with 

NotI and KpnI; ligation in 

pABC-Psyn via NotI and 

KpnI 

pNMS264 pHCL150-dxs pHCL150, contains dxs 

coding sequence, Cmr 

PCR amplification of dxs 

using NMS498 and 

NMS499; restriction with 

XhoI; ligation in pHCL150 

pNMS265 pHCL147-cyaB pHCL147, contains cyaB 

coding sequence, Tcr 

PCR amplification of cyaB 

using NMS488 and 

NMS489; restriction with 

NdeI and BamHI; ligation in 

pHCL147 

pNMS269 pABC-cyaBæC-T pABC-Psyn, contains 

truncated cyaB coding 

sequence ending at S338 

(contains STOP-codon), 

Spr 

PCR amplification of PcyaB-

cyaBæC-T using NMS529 and 

NMS530; restriction with 

NotI and KpnI; ligation in 
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pABC-Psyn via NotI and 

KpnI 

pNMS281 pK18mobsacB-

æsmb20347 

pK18mobsacB, contains 

flanking regions of 

smb20347 for gene 

deletion, Kmr 

PCR amplification of 

smb20347 HR1 using 

NMS549 and NMS550, 

restriction with HindIII and 

XbaI; amplification of 

smb20347 HR2 using 

NMS551 and NMS552, 

restriction with XbaI and 

EcoRI; ligation in 

pK18mobsacB via HindIII 

and EcoRI  

pNMS294 pETMBP-TEV pET28a(+), contains N6H-

MBP-TEV coding 

sequence, Kmr 

PCR amplification of N6H-

MBP-TEV using NMS566 

and NMS567; restriction 

with NcoI and BamHI; 

ligation in pET28a(+) via 

NcoI and BamHI 

pNMS316 pETMBP-cyaBCHD pETMBP-TEV, contains 

cyaBCHD coding sequence 

(starting from G146), Kmr 

PCR amplification of 

cyaBCHD using NMS594 and 

NMS595; restriction with 

EcoRI and HindIII; ligation in 

pNMS294 via EcoRI and 

HindIII 

pNMS327 pSRKKm-

dxs+Prom.300-

C3F 

pSRKKm-3xFLAG, 

contains dxs coding 

sequence, Kmr 

PCR amplification of 

dxs+300 up using NMS604 

and NMS597; restriction 

with NdeI and XbaI; ligation 

in pSRKKm-3xFLAG via 

NdeI and XbaI 

pNMS332 pK18mobsacB-

æsmb20345 

pK18mobsacB, contains 

flanking regions of 

smb20345 for gene 

deletion, Kmr 

PCR amplification of 

smb20345 HR1 using 

NMS636 and NMS637, 

restriction with EcoRI and 

XbaI; amplification of 

smb20345 HR2 using 
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NMS638 and NMS639, 

restriction with XbaI and 

HindIII; ligation in 

pK18mobsacB via EcoRI 

and HindIII 

pNMS349 pET28a-dxs-C3F pET28a(+), contains dxs 

coding sequence missing 

a STOP-codon and in 

frame a 3x-FLAG coding 

sequence at the 3'-end, 

Kmr 

PCR amplification of dxs-

3xFLAG using NMS518 and 

NMS681, restriction with 

NcoI and XhoI; ligation in 

pET28a(+) via NcoI and 

XhoI 

pNMS355 pABCa-Psmb20345 

luxCDABE dual-

ter 

pABCa mob L1 mScarlet 

Dropout, contains Psmb20345 

promoter sequence, 

luxCDABE coding 

sequence and thrA-rpoC 

dual-ter sequence, Gmr 

PCR amplification of 

Psmb20345 promoter sequence 

using NMS572 and 

NMS573; subsequently 

MoClo using BsaI and DNA-

parts: Psmb20345, pABCa mob 

L1 mScarlet Dropout, p0-FK 

luxCDABE and p0-FK thrA-

rpoC dual-ter 

pNMS356 pABCa-Psmb20346 

luxCDABE dual-

ter 

pABCa mob L1 mScarlet 

Dropout, contains Psmb20346 

promoter sequence, 

luxCDABE coding 

sequence and thrA-rpoC 

dual-ter sequence, Gmr 

PCR amplification of 

Psmb20346 promoter sequence 

using NMS574 and 

NMS575; subsequently 

MoClo using BsaI and DNA-

parts: Psmb20346, pABCa mob 

L1 mScarlet Dropout, p0-FK 

luxCDABE and p0-FK thrA-

rpoC dual-ter 

pNMS357 pABCa-Psmb20347 

luxCDABE dual-

ter 

pABCa mob L1 mScarlet 

Dropout, contains Psmb20347 

promoter sequence, 

luxCDABE coding 

sequence and thrA-rpoC 

dual-ter sequence, Gmr 

PCR amplification of 

Psmb20347 promoter sequence 

using NMS576 and 

NMS577; subsequently 

MoClo using BsaI and DNA-

parts: Psmb20347, pABCa mob 

L1 mScarlet Dropout, p0-FK 
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luxCDABE and p0-FK thrA-

rpoC dual-ter 

pNMS358 pABCa-Psmc02178 

luxCDABE dual-

ter 

pABCa mob L1 mScarlet 

Dropout, contains Psmc02178 

promoter sequence, 

luxCDABE coding 

sequence and thrA-rpoC 

dual-ter sequence, Gmr 

PCR amplification of 

Psmc02178 promoter sequence 

using NMS590 and 

NMS591; subsequently 

MoClo using BsaI and DNA-

parts: Psmc02178, pABCa mob 

L1 mScarlet Dropout, p0-FK 

luxCDABE and p0-FK thrA-

rpoC dual-ter 

pNMS359 pABC-cyaBAf-C3F pABC-Psyn, contains 

coding sequence of A. 

fabrum cyaB homolog 

atu1149 (lacking Stop-

codon) and a 3x-FLAG 

sequence, Spr 

PCR amplification of 

3xFLAG sequence from 

pSRKKm-3xFLAG using 

NMS706 and NMS707, 

restriction with Acc65I; PCR 

amplification of PcyaB-

atu1149 from pNMS378 

using NMS672 and 

NMS872, restriction with 

HindIII and KpnI; ligation in 

pABC-Psyn via HindIII and 

Acc65I 

pNMS360 pABC-clræcAMP pABC-Psyn, contains clr 

coding sequence with 

amino acid substitution of 

T140A, Spr 

PCR amplification of clræcAMP 

I using NMS787 and 

NMS797 and clræcAMP II using 

NMS796 and NMS477; 

overlap PCR using both 

parts; restriction with Acc65I 

and NheI, ligation in pABC-

Psyn via Acc65I and NheI 

pNMS361 pABC-cyaBæTMH I pABC-Psyn, contains 

truncated cyaB coding 

sequence starting at G31 

(contains ATG-Start 

codon), Spr 

PCR amplification of PcyaB 

using NMS529 and 

NMS673; restriction with 

NotI and XbaI; amplification 

of cyaBæTMH I using NMS688 

and NMS595, restriction 
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with XbaI and HindIII; 

ligation in pABC-Psyn via 

NotI and HindIII 

pNMS362 pABC-cyaBæTMH I-II pABC-Psyn, contains 

truncated cyaB coding 

sequence starting at H53 

(contains ATG-Start 

codon), Spr 

PCR amplification of PcyaB 

using NMS529 and 

NMS673; restriction with 

NotI and XbaI; amplification 

of cyaBæTMH II using NMS689 

and NMS595, restriction 

with XbaI and HindIII; 

ligation in pABC-Psyn via 

NotI and HindIII 

pNMS363 pABC-cyaBæTMH I-III pABC-Psyn, contains 

truncated cyaB coding 

sequence starting at A97 

(contains ATG-Start 

codon), Spr 

PCR amplification of PcyaB 

using NMS529 and 

NMS673; restriction with 

NotI and XbaI; amplification 

of cyaBæTMH III using NMS690 

and NMS595, restriction 

with XbaI and HindIII; 

ligation in pABC-Psyn via 

NotI and HindIII 

pNMS364 pABC-cyaBæTMH I-

IV 

pABC-Psyn, contains 

truncated cyaB coding 

sequence starting at V131 

(contains ATG-Start 

codon), Spr 

PCR amplification of PcyaB 

using NMS529 and 

NMS673; restriction with 

NotI and XbaI; amplification 

of cyaBæTMH IV using 

NMS691 and NMS595, 

restriction with XbaI and 

HindIII; ligation in pABC-

Psyn via NotI and HindIII 

pNMS365 pABC-cyaB-C3F pABC-Psyn, contains 

cyaB coding sequence 

(lacking Stop-codon) and 

a 3x-FLAG sequence, Spr 

PCR amplification of 

3xFLAG sequence from 

pSRKKm-3xFLAG using 

NMS706 and NMS707, 

restriction with Acc65I; PCR 

amplification of PcyaB-cyaB 

using NMS672 and 
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NMS705, restriction with 

HindIII and KpnI; ligation in 

pABC-Psyn via HindIII and 

Acc65I 

pNMS366 pABC-cyaB-

smc00620 

pABC-Psyn, contains PcyaB 

promoter sequence, cyaB 

and smc00620 coding 

sequence, Specr 

PCR amplification of PcyaB-

cyaB-smc00620 using 

NMS529 and NMS723; 

restriction with NotI and 

Acc65I; ligation in pABC-

Psyn via NotI and Acc65I 

pNMS367 pABC-cyaBEa-

C3F 

pABC-Psyn, contains 

coding sequence of E. 

adherens cyaB homolog 

fa04_04595 (lacking Stop-

codon) and a 3x-FLAG 

sequence, Spr 

PCR amplification of 

3xFLAG sequence from 

pSRKKm-3xFLAG using 

NMS706 and NMS707, 

restriction with Acc65I; PCR 

amplification of PcyaB-

fa04_04595 from pNMS381 

using NMS672 and 

NMS871, restriction with 

HindIII and KpnI; ligation in 

pABC-Psyn via HindIII and 

Acc65I 

pNMS368 pABC-cyaBRj-C3F pABC-Psyn, contains 

coding sequence of R. 

jonstonii cyaB homolog 

rl1602 (lacking Stop-

codon) and a 3x-FLAG 

sequence, Spr 

PCR amplification of 

3xFLAG sequence from 

pSRKKm-3xFLAG using 

NMS706 and NMS707, 

restriction with Acc65I; PCR 

amplification of PcyaB-rl1602 

from pNMS382 using 

NMS672 and NMS869, 

restriction with HindIII and 

KpnI; ligation in pABC-Psyn 

via HindIII and Acc65I 

pNMS369 pABC-rndI-cyaB pABC-Psyn, contains PrndI 

promoter sequence, rndI 

and cyaB coding 

sequence, Specr 

PCR amplification of PrndI-

rndI-cyaB using NMS805 

and NMS804; restriction 

with NotI  and NheI; ligation 
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in pABC-Psyn via NotI and 

NheI 

pNMS370 pABC-smc01754-

cyaB 

pABC-Psyn, contains 

Psmc01754 promoter 

sequence, contains 

smc01754, rndI and cyaB 

coding sequence, Specr 

PCR amplification of 

Psmc01754-smc01754-rndI-

cyaB using NMS806 and 

NMS804; restriction with 

NotI  and NheI; ligation in 

pABC-Psyn via NotI and 

NheI 

pNMS371 pABC-smc01755-

cyaB 

pABC-Psyn, contains 

Psmc01755 promoter 

sequence, contains 

smc01755, smc01754, 

rndI and cyaB coding 

sequence, Specr 

PCR amplification of 

Psmc01755-smc01755-

smc01754-rndI-cyaB using 

NMS807 and NMS804; 

restriction with PacI  and 

NheI; ligation in pABC-Psyn 

via PacI and NheI 

pNMS372 pK18mobsacB-

æclr 

pK18mobsacB, contains 

flanking regions of clr for 

gene deletion, Kmr 

PCR amplification of clr HR1 

using NMS769 and 

NMS770, restriction with 

EcoRI and Acc65I; 

amplification of clr HR2 

using NMS771 and 

NMS772, restriction with 

Acc65I and BamHI; ligation 

in pK18mobsacB via EcoRI 

and BamHI 

pNMS373 pK18mobsacB-

æppxk1 

pK18mobsacB, contains 

flanking regions of ppx 

and ppk1 for gene 

deletion, Kmr 

PCR amplification of ppkXI 

HR1 using NMS918 and 

NMS919, restriction with 

HindIII and XbaI; 

amplification of ppkXI HR2 

using NMS920 and 

NMS921, restriction with 

XbaI and BamHI; ligation in 

pK18mobsacB via HindIII 

and BamHI 
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pNMS374 pK18mobsacB-

ærndI 

pK18mobsacB, contains 

flanking regions of rndI for 

gene deletion, Kmr 

PCR amplification of rndI 

HR1 using NMS908 and 

NMS909, restriction with 

HindIII and XbaI; 

amplification of rndI HR2 

using NMS910 and 

NMS911, restriction with 

XbaI and BamHI; ligation in 

pK18mobsacB via HindIII 

and BamHI 

pNMS375 pK18mobsacB-

æsmc00620 

pK18mobsacB, contains 

flanking regions of 

smc00620 for gene 

deletion, Kmr 

PCR amplification of 

smc00620 HR1 using 

NMS913 and NMS915, 

restriction with HindIII and 

XbaI; amplification of 

smc00620 HR2 using 

NMS916 and NMS917, 

restriction with XbaI and 

BamHI; ligation in 

pK18mobsacB via HindIII 

and BamHI 

pNMS376 pK18mobsacB-

æsmc01754 

pK18mobsacB, contains 

flanking regions of 

smc01754 for gene 

deletion, Kmr 

PCR amplification of 

smc01754 HR1 using 

NMS904 and NMS905, 

restriction with HindIII and 

XbaI; amplification of 

smc01754 HR2 using 

NMS906 and NMS907, 

restriction with XbaI and 

BamHI; ligation in 

pK18mobsacB via HindIII 

and BamHI 

pNMS377 pK18mobsacB-

æsmc01755 

pK18mobsacB, contains 

flanking regions of 

smc01755 for gene 

deletion, Kmr 

PCR amplification of 

smc01755 HR1 using 

NMS900 and NMS901, 

restriction with HindIII and 

XbaI; amplification of 
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smc01755 HR2 using 

NMS902 and NMS903, 

restriction with XbaI and 

BamHI; ligation in 

pK18mobsacB via HindIII 

and BamHI 

pNMS378 pK18mobsacB-

cyaBAf 

pK18mobsacB, contains 

coding sequence of A. 

fabrum cyaB homolog 

atu1149 with additional 

flanking regions for 

homologous 

recombination into 

Rm2011 chromosome at 

the native cyaB locus,  

Kmr 

PCR amplification of cyaB 

HR1 using NMS930 and 

NMS673; restriction with 

HindIII and XbaI; 

amplification of atu1149 

using NMS675 and 

NMS677, restriction with 

XbaI and Acc65I; 

amplification of cyaB HR2 

using NMS931 and 

NMS932; restriction with 

Acc65I and BamHI; ligation 

in pK18mobsacB via HindIII 

and BamHI 

pNMS379 pK18mobsacB-clr pK18mobsacB, contains 

clr coding sequence with 

additional flanking regions 

for homologous 

recombination into 

Rm2011 chromosome, 

Kmr 

PCR amplification of clr with 

flanking regions using 

NMS721 and NMS722; 

restriction with EcoRI and 

BamHI; ligation in 

pK18mobsacB via EcoRI 

and BamhI 

pNMS380 pK18mobsacB-

cyaB 

pK18mobsacB, contains 

cyaB coding sequence 

with additional flanking 

regions for homologous 

recombination into 

Rm2011 chromosome at 

the native cyaB locus, Kmr 

PCR amplification of cyaB 

with flanking regions using 

NMS727 and NMS728; 

restriction with XbaI and 

HindIII; ligation in 

pK18mobsacB via XbaI and 

HindIII 

pNMS381 pK18mobsacB-

cyaBEa 

pK18mobsacB, contains 

coding sequence of E. 

adherens cyaB homolog 

PCR amplification of cyaB 

HR1 using NMS930 and 

NMS673; restriction with 
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fa04_04595 with additional 

flanking regions for 

homologous 

recombination into 

Rm2011 chromosome at 

the native cyaB locus, Kmr 

HindIII and XbaI; 

amplification of fa04_04595 

using NMS436 and 

NMS745, restriction with 

XbaI and Acc65I; 

amplification of cyaB HR2 

using NMS931 and 

NMS932; restriction with 

Acc65I and BamHI; ligation 

in pK18mobsacB via HindIII 

and BamHI 

pNMS382 pK18mobsacB-

cyaBRj 

pK18mobsacB, contains 

coding sequence of R. 

jonstonii cyaB homolog 

rl1602 with additional 

flanking regions for 

homologous 

recombination into 

Rm2011 chromosome at 

the native cyaB locus, Kmr 

PCR amplification of cyaB 

HR1 using NMS930 and 

NMS673; restriction with 

HindIII and XbaI; 

amplification of rl1602 using 

NMS438 and NMS748, 

restriction with XbaI and 

Acc65I; amplification of 

cyaB HR2 using NMS931 

and NMS932; restriction 

with Acc65I and BamHI; 

ligation in pK18mobsacB via 

HindIII and BamHI 

pNMS383 pKNT25-cyaBAf* pKNT25Spe, contains 

coding sequence of A. 

fabrum cyaB homolog 

atu1149  with amino acid 

substitutions D162H, 

G205A and D206H, Kmr 

PCR amplification of cyaBAf 

D162H using NMS432 and 

NMS886; amplification of 

cyaBAf 
D162H G205A D206H using 

NMS885 and NMS888; 

amplification of cyaBAf 
G205A 

D206H using NMS887 and 

NMS851; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pKNT25Spe via SpeI 
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(compatible to XbaI) and 

KpnI 

pNMS384 pKNT25-cyaBEa* pKNT25Spe, contains 

coding sequence of E. 

adherens cyaB homolog 

fa04_04595 with amino 

acid substitutions D162H, 

G205A and D206H, Kmr 

PCR amplification of cyaBEa 

D162H using NMS436 and 

NMS878; amplification of 

cyaBEa 
D162H G205A D206H using 

NMS877 and NMS880; 

amplification of cyaBEa 
G205A 

D206H using NMS879 and 

NMS852; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pKNT25Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS385 pKNT25-cyaBRj* pKNT25Spe, contains 

coding sequence of R. 

jonstonii cyaB homolog 

rl1602 with amino acid 

substitutions D164H, 

G207A and D208H, Kmr 

PCR amplification of cyaBRj 

D164H using NMS448 and 

NMS882; amplification of 

cyaBRj 
D164H G207A D208H using 

NMS881 and NMS884; 

amplification of cyaBRj 
G207A 

D208H using  NMS883 and 

NMS849; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pKNT25Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS386 pKNT25-cyaBSm* pKNT25Spe, contains S. 

meliloti cyaB coding 

sequence with amino acid 

substitutions D162H, 

G205A and D206H, Kmr 

PCR amplification of 

cyaBD162H using NMS460 

and NMS523; amplification 

of cyaBD162H G205A D206H using 

NMS524 and NMS525; 

amplification of cyaBG205A 

D206H using NMS526 and 
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NMS819; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pKNT25Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS387 pKNT25-dxs pKNT25Spe, contains S. 

meliloti dxs coding 

sequence, Kmr 

PCR amplification of dxs 

using NMS820 and 

NMS821; restriction with 

XbaI and KpnI; ligation in 

pKNT25Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS388 pKNT25-dxsD156A 

G157A 

pKNT25Spe, contains dxs 

coding sequence with 

amino acid substitutions of 

D156A and G157A, Kmr 

PCR amplification of 

dxsD156A G157A I using 

NMS820 and NMS876; 

amplification of dxsD156A G157A 

II using NMS821 and 

NMS875; overlap PCR 

using both DNA parts; 

restriction with XbaI and 

KpnI; ligation in pKNT25Spe 

via SpeI (compatible to 

XbaI) and KpnI 

pNMS389 pKNT25-dxsæloop pKNT25Spe, contains dxs 

coding sequence with 

amino acids N185 to F253 

substituted with 6x Gly, 

Kmr 

PCR amplification of dxsæloop 

I using NMS820 and 

NMS533; restriction with 

XbaI and NotI; amplification 

of dxsæloop II using NMS534 

and NMS821; restriction 

with NotI and KpnI; ligation 

in pKNT25Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS390 pKNT25-dxsCD pKNT25Spe, contains 

truncated dxs coding 

PCR amplification of dxsCD 

using NMS873 and 
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sequence encoding for 

amino acids A320 to Stop-

codon, contains an 

additional ATG-Start 

codon, Kmr 

NMS821; restriction with 

XbaI and KpnI; ligation in 

pKNT25Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS391 pKNT25-dxsTBS pKNT25Spe, contains 

truncated dxs coding 

sequence encoding for 

amino acids V1 to K319, 

contains an additional 

Stop-codon, Kmr 

PCR amplification of dxsTBS 

using NMS820 and 

NMS874; restriction with 

XbaI and KpnI; ligation in 

pKNT25Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS392 pSRKKm-Pade3-

eGFP 

pSRKKm, contains Pade3 

promoter sequence and 

eGFP coding sequence, 

Kmr 

PCR amplification of Pade3 

using NMS737 and 

NMS738; restriction with 

HindIII and XbaI; 

amplification of eGFP using 

NMS136 and NMS210; 

restriction with XbaI and 

HindIII; ligation in pSRKKm 

via HindIII 

pNMS393 pSRKKm-Pade4-

eGFP 

pSRKKm, contains Pade4 

promoter sequence and 

eGFP coding sequence, 

Kmr 

PCR amplification of Pade4 

using NMS735 and 

NMS736; restriction with 

HindIII and XbaI; 

amplification of eGFP using 

NMS136 and NMS210; 

restriction with XbaI and 

HindIII; ligation in pSRKKm 

via HindIII 

pNMS394 pSRKKm-PcyaB-

cyaB-eGFP 

pSRKKm, contains PcyaB 

promoter sequence and 

cyaB and eGFP coding 

sequence, Kmr 

PCR amplification of PcyaB-

cyaB using NMS922 and 

NMS398; restriction with 

HindIII and XbaI; 

amplification of eGFP using 

NMS136 and NMS210; 

restriction with XbaI and 
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HindIII; ligation in pSRKKm 

via HindIII 

pNMS395 pSRKKm-PcyaB-

eGFP 

pSRKKm, contains PcyaB 

promoter sequence and 

eGFP coding sequence, 

Kmr 

PCR amplification of PcyaB 

using NMS922 and 

NMS673; restriction with 

HindIII and XbaI; 

amplification of eGFP using 

NMS136 and NMS210; 

restriction with XbaI and 

HindIII; ligation in pSRKKm 

via HindIII 

pNMS396 pUT18-cyaBAf* pUT18Spe, contains 

coding sequence of A. 

fabrum cyaB homolog 

atu1149 with amino acid 

substitutions D162H, 

G205A and D206H, Ampr 

PCR amplification of cyaBAf 

D162H using NMS432 and 

NMS886; amplification of 

cyaBAf 
D162H G205A D206H using 

NMS885 and NMS888; 

amplification of cyaBAf 
G205A 

D206H using NMS887 and 

NMS851; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pUT18Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS397 pUT18-cyaBEa* pUT18Spe, contains 

coding sequence of E. 

adherens cyaB homolog 

fa04_04595 with amino 

acid substitutions D162H, 

G205A and D206H, Ampr 

PCR amplification of cyaBEa 

D162H using NMS436 and 

NMS878; amplification of 

cyaBEa 
D162H G205A D206H using 

NMS877 and NMS880; 

amplification of cyaBEa 
G205A 

D206H using NMS879 and 

NMS852; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pUT18Spe via SpeI 
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(compatible to XbaI) and 

KpnI 

pNMS398 pUT18-cyaBRj* pUT18Spe, contains 

coding sequence of R. 

jonstonii cyaB homolog 

rl1602 with amino acid 

substitutions D164H, 

G207A and D208H, Ampr 

PCR amplification of cyaBRj 

D164H using NMS448 and 

NMS882; amplification of 

cyaBRj 
D164H G207A D208H using 

NMS881 and NMS884; 

amplification of cyaBRj 
G207A 

D208H using NMS883 and 

NMS849; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pUT18Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS399 pUT18-cyaBSm* pUT18Spe, contains S. 

meliloti cyaB coding 

sequence with amino acid 

substitutions D162H, 

G205A and D206H, Ampr  

PCR amplification of 

cyaBD162H using NMS460 

and NMS523; amplification 

of cyaBD162H G205A D206H using 

NMS524 and NMS525; 

amplification of cyaBG205A 

D206H using NMS526 and 

NMS819; overlap PCR 

using the three DNA 

fragments; restriction with 

XbaI and KpnI; ligation in 

pUT18Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS400 pUT18-dxs pUT18Spe, contains S. 

meliloti dxs coding 

sequence, Ampr 

PCR amplification of dxs 

using NMS820 and 

NMS821; restriction with 

XbaI and KpnI; ligation in 

pUT18Spe via SpeI 

(compatible to XbaI) and 

KpnI 
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pNMS401 pUT18-dxsD156A 

G157A 

pUT18Spe, contains dxs 

coding sequence with 

amino acid substitutions of 

D156A and G157A, Ampr 

PCR amplification of 

dxsD156A G157A I using 

NMS820 and NMS876; 

amplification of dxsD156A G157A 

II using NMS821 and 

NMS875; overlap PCR 

using both DNA parts; 

restriction with XbaI and 

KpnI; ligation in pUT18Spe 

via SpeI (compatible to 

XbaI) and KpnI 

pNMS402 pUT18-dxsæloop pUT18Spe, contains dxs 

coding sequence with 

amino acids N185 to F253 

substituted with 6x Gly, 

Ampr 

PCR amplification of dxsæloop 

I using NMS820 and 

NMS533; restriction with 

XbaI and NotI; amplification 

of dxsæloop II using NMS534 

and NMS821; restriction 

with NotI and KpnI; ligation 

in pUT18Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS403 pUT18-dxsCD pUT18Spe, contains 

truncated dxs coding 

sequence encoding for 

amino acids A320 to Stop-

codon, contains an 

additional ATG-Start 

codon, Ampr 

PCR amplification of dxsCD 

using NMS873 and 

NMS821; restriction with 

XbaI and KpnI; ligation in 

pUT18Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS404 pUT18-dxsTBS pUT18Spe, contains 

truncated dxs coding 

sequence encoding for 

amino acids V1 to K319, 

contains an additional 

Stop-codon, Ampr 

PCR amplification of dxsTBS 

using NMS820 and 

NMS874; restriction with 

XbaI and KpnI; ligation in 

pUT18Spe via SpeI 

(compatible to XbaI) and 

KpnI 

pNMS405 pWBT-cyaB pWBT, contains cyaB 

coding sequence, Gmr 

PCR amplification of cyaB 

using NMS460 and 
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NMS595, restriction with 

XbaI and HindIII; ligation in 

pWBT via XbaI and HindIII 

pNMS406 pWBT-cyaBæTMH I pWBT, contains truncated 

cyaB coding sequence 

starting at G31 (contains 

ATG-Start codon), Gmr 

PCR amplification of 

cyaBæTMH I using NMS688 

and NMS595, restriction 

with XbaI and HindIII; 

ligation in pWBT via XbaI 

and HindIII 

pNMS407 pWBT-cyaBæTMH I-II pWBT, contains truncated 

cyaB coding sequence 

starting at H53 (contains 

ATG-Start codon), Gmr 

PCR amplification of 

cyaBæTMH II using NMS689 

and NMS595, restriction 

with XbaI and HindIII; 

ligation in pWBT via XbaI 

and HindIII 

pNMS408 pWBT-cyaBæTMH I-

III 

pWBT, contains truncated 

cyaB coding sequence 

starting at A97 (contains 

ATG-Start codon), Gmr 

PCR amplification of 

cyaBæTMH III using NMS690 

and NMS595, restriction 

with XbaI and HindIII; 

ligation in pWBT via XbaI 

and HindIII 

pNMS409 pWBT-cyaBæTMH I-

IV 

pWBT, contains truncated 

cyaB coding sequence 

starting at V131 (contains 

ATG-Start codon), Gmr 

PCR amplification of 

cyaBæTMH IV using NMS691 

and NMS595, restriction 

with XbaI and HindIII; 

ligation in pWBT via XbaI 

and HindIII 

2.1.4.3 - Used oligonucleotides for plasmid construction 

Table 15: Used oligonucleotides 
Restriction enzyme recognition sites are marked in bold and underlined small letters. Compatible overhangs are 
marked in bold and italic small letters. Nucleotide substitutions are marked in bold. 

NMS Name 5'-3' Sequence 

NMS136 eGFP XbaI fw catctctagaATGGTGAGCAAGGGCGAG 

NMS210 eGFP HindIII re catcaagcttCTTGTACAGCTCGTCCATGC 

NMS227 TEV Eco88I-overhang Hybrid 

fw 

tcggGGAAAACCTGTACTTCCAGAGC 

NMS228 TEV Acc65I-overhang Hybrid 

re 

gtacGCTCTGGAAGTACAGGTTTTC 
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NMS247 6xHis MBP NdeI-overhang 

Hybrid fw 

tatgCATCATCATCATCATCA 

NMS248 6x His MBP NdeI-overhang 

Hybrid re 

tatgATGATGATGATGATGCA 

NMS397 cyaB Prom NdeI fw catccatatgAGCTCTTCGGCATGACGG 

NMS398 cyaB noStop XbaI re catctctagaCAGCGAGGTGAAAGCCTCG 

NMS429 clr Stop NheI re catcgctagcTCAATCCTCCTCCGGATCGG

C 

NMS432 atu1149 XbaI fw catctctagaATGAGAAAATTGCTGCCCATT

CTGGATT 

NMS436 fa04_04595 XbaI fw catctctagaATGCGTTGGCGCTTTTCGAC

TTTCGAAG 

NMS448 rl1602 XbaI fw catctctagaATGCGGGAAATATCTCCGAC

ACAGAATTGGA 

NMS460 cyaB XbaI fw catctctagaATGCGCTGGAGATTTTCCAC 

NMS477 clr-stop-r-NheI cagtgctagcTCAATCCTCCTCCGGATCGG

C 

NMS487 clr P308 KpnI fw catcggtaccTGCCGAAGCCGGAGGTTAT

GA 

NMS488 cyaB NdeI fw catccatatgCGCTGGAGATTTTCCAC 

NMS489 cyaB noSTOP BamHI re catcggatccCAGCGAGGTGAAAGCCTC 

NMS498 dxs XhoI fw catcctcgagGTGACACAACTGCCAACCA

ACCCGATGCCG 

NMS499 dxs noSTOP XhoI re catcctcgagGCCGGCGGCGCCGAGGCC 

NMS509 cyaB KpnI re catcggtaccTTACAGCGAGGTGAAAGCC

TC 

NMS518 dxs NcoI fw catcccatggGGGTGACACAACTGCCAAC

C 

NMS523 cyaB ACYC D162H re CGATCCGGCGAGATGGATGAAAA 

NMS524 cyaB ACYC D162H fw TTTTCATCCATCTCGCCGGATCG 

NMS525 cyaB ACYC G205A D206H re ACGGCAGCGTGGGCGACATAGTCGTC

GAT 

NMS526 cyaB ACYC G205A D206H fw GACTATGTCGCCCACGCTGCCGTGATC

A 

NMS529 cyaB P300 NotI fw catcgcggccgcAGCTCTTCGGCATGACG

G 
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NMS530 cyaB noloop STOP KpnI re catcggtaccTTACGAACCGGCCGTGAGC

GA 

NMS533 dxs loop::6G re NotI re catcgcggccgcCGCCGCCGCCGCCGTC

GTTGAGAATGACGATGAG 

NMS534 dxs loop::6G NotI fw catcgcggccgcTACCATATCGGCCCGATC

GACGGACACTCCT 

NMS549 smb20347 HR1 HindIII fw catcaagcttCCGCGCTCCGGCAGATGA 

NMS550 smb20347 HR1 XbaI re catctctagaCCTGTCTCCTGATGATGAGT

GACGAA 

NMS551 smb20347 HR2 XbaI fw catctctagaGGCATGCTGCCCCAAAAG 

NMS552 smb20347 HR2 EcoRI re catcgaattcGGTGAAGAGCTGTTCGGCC 

NMS566 MBP NcoI fw catcccatggGGATGCATCATCATCATCATC

ATATG 

NMS567 TEV BamHI re catcggatccGCTCTGGAAGTACAGGTT 

NMS572 Psmb20345 BsaI fw catcggtctcGGGAGTACCCCTGAGCGCG

CTGT 

NMS573 Psmb20345 BsaI re catcggtctcACATTGGCCGTCGTCCCGTT

CTA 

NMS574 Psmb20346 BsaI fw catcggtctcGGGAGTCTGGACGACCTCC

TCGC 

NMS575 Psmb20346 BsaI re catcggtctcACATTCGCTCTTACTCTCCTT

GGCCA 

NMS576 Psmb20347 BsaI fw catcggtctcGGGAGCTTGCCCGCCTCGC

TCAC 

NMS577 Psmb20347 BsaI re catcggtctcACATTCCTGTCTCCTGATGAT

GAGTGACG 

NMS590 Psmc02178 BsaI fw catcggtctcGGGAGCGTCAGGACATAATC

CTTGTCGAGA 

NMS591 Psmc02178 BsaI re catcggtctcACATTGGTGCTCTCCCTCTA

ACCGAC 

NMS594 cyaB CYCc EcoRI fw catcgaattcGGACGATACCGCAAGCCG 

NMS595 cyaB HindIII highTm re catcaagcttTTACAGCGAGGTGAAAGCCT

CG 

NMS596 dxs SacI fw catcgagctcGTGACACAACTGCCAACCA

ACCCGATGCCG 

NMS597 dxs XbaI noSTOPoptimiert re catctctagaGCCGGCGGCGCCGAGGCC

GACG 
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NMS636 smb20345 HR1 EcoRI fw catcgaattcGCACTTTTCCCATGTCCAGC 

NMS637 smb20345 HR1 XbaI re catctctagaGCGGAGTCCGGTTATTAGCC 

NMS638 smb20345 HR2 XbaI fw catctctagaGGCCGTCGTCCCGTTCTA 

NMS639 smb20345 HR2 HindIII re catcaagcttCGGCAAACCGGTCGGGGT 

NMS672 PcyaB HindIII fw catcaagcttAAACCGCCGCTCGACGAC 

NMS673 PcyaB XbaI re catctctagaGTGACAGCCTCGAAATCGAG

AATT 

NMS675 atu1149 XbaI fw catctctagaATGAGAAAATTGCTGCCCATT

CTG 

NMS677 atu1149 Acc65I re catcggtaccTTATGCGGCAGGGGCCTG 

NMS681 3xFlag XhoI re catcctcgagCTTGTCATCGTCATCCTTGT

AAT 

NMS688 cyaB dHelixI ATG XbaI fw catctctagaATGGGCGGCGGCCTGATCG

GC 

NMS689 cyab dHelixII ATG XbaI fw catctctagaATGCACATCATCTTCCGGCG

CC 

NMS690 cyaB dHelixIII ATG XbaI fw catctctagaATGGCCGGCGTCATGCGTGA

A 

NMS691 cyaB dHelixIV ATG XbaI fw catctctagaATGGTGCGCGAATTGCTCGG

C 

NMS705 cyaB noSTOP Acc65I re catcggtaccCAGCGAGGTGAAAGCCTCG

GCG 

NMS706 3xFLAG Acc65I fw catcggtaccGATTACAAGGATCACGATGG 

NMS707 3xFLAG Acc65I re catcggtaccTTACTTGTCATCGTCATCCTT 

NMS721 clr 235up EcoRI fw catcgaattcGCGCGAGGCTCCTGTTGG 

NMS722 clr 61down BamHI re catcggatccCCTCGGCCTTACGCTCAAC

C 

NMS723 smc00620 Acc65I re catcggtaccCTATTCGGCCTTCAGGAATT

CGC 

NMS727 cyaB 500 up XbaI fw catctctagaCGAGCTGCCGCGCCTGCCG

C 

NMS728 cyaB 500 down HindIII re catcaagcttGGTCTTCAACGCCTCGACCC

TGCCGG 

NMS735 sma1718 ade4 P400 HindIII fw catcaagcttAGCCGGCATCGGTCAGGT 

NMS736 sma1718 ade4 P400 XbaI re catctctagaTTCTCGAACGTCGGACATTC

AG 

NMS737 sma1715 ade3 P400 HindIII fw catcaagcttTGCGGGGCTCCTATTCCTG 
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NMS738 sma1715 ade3 P400 XbaI re catctctagaAGACCATGGCTGCAGCA 

NMS745 fa04_04595 Acc65I re catcggtaccTCACTCGGCCGCGGTCGAT 

NMS748 rl1602 Acc65I re catcggtaccTCAGCCGTGCAGTATGACC

GCC 

NMS769 clr HR1 EcoRI fw catcgaattcCGCTATGGAAGACGAAAGCG

G 

NMS770 clr HR1 Acc65I re catcggtaccTGCGATTACCCCTGCGTT 

NMS771 clr HR2 Acc65I fw catcggtaccTGCCGCTTGCCCAAAAGC 

NMS772 clr HR2 BamHI re catcggatccAAGAAGCCGAGGGCCACC 

NMS787 Pclr308 Acc65I fw catcggtaccTGCCGAAGCCGGAGGTTA 

NMS796 clr T140A fw TTGCGCGACGCGACGGACCGG 

NMS797 clr T140A re CCGGTCCGTCGCGTCGCGCAA 

NMS804 cyaB NheI re catcgctagcTTACAGCGAGGTGAAAGCC

TC 

NMS805 Psmc00622 NotI fw catcgcggccgcCAATTTCGATTGTGACAG

GTGC 

NMS806 Psmc01754 NotI fw catcgcggccgcTCCGATAGGGCTGCAGC

T 

NMS807 Psmc01755 PacI fw catcttaattaaCGTATAGTCCCGGAATTGCT 

NMS819 cyaB noSTOP frameshift KpnI 

re 

catcggtaccCGCAGCGAGGTGAAAGCCT

CG 

NMS820 dxs XbaI fw catctctagaGTGACACAACTGCCAACCAA

CCCGATGCCGG 

NMS821 dxs noSTOP frameshift KpnI re catcggtaccCGGCCGGCGGCGCCGAGG

CCGACG 

NMS849 rl1602 noSTOP frameshift KpnI 

re 

catcggtaccCGGCCGTGCAGTATGACCG

CCTG 

NMS851 atu1149 noSTOP Frameshift 

KpnI re 

catcggtaccCGTGCGGCAGGGGCCTGAT

AT 

NMS852 fa04_04595 noSTOP 

Frameshift KpnI re 

catcggtaccCGCTCGGCCGCGGTCGATG

C 

NMS869 rl1602 noSTOP Acc65I re catcggtaccGCCGTGCAGTATGACCGCC 

NMS871 fa04_04575 noSTOP Acc65I re catcggtaccCTCGGCCGCGGTCGATGC 

NMS872 atu1149 noSTOP KpnI re catcggtaccTGCGGCAGGGGCCTGATAT 

NMS873 dxs CD START XbaI fw catctctagaATGGCCAAACCCAACGCCCC

C 
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NMS874 dxs TBS noSTOP Frameshift 

KpnI re 

catcggtaccCGTTTCGCCTGAGCCCCGG

TAATC 

NMS875 dxs D156A G157A fw GGTGATCGGCGCTGCCGCGATGTCG 

NMS876 dxs D156A G157A re CGACATCGCGGCAGCGCCGATCACC 

NMS877 fa04_04595 D162H fw CCTCTTCATCCACCTGGCCGGCT 

NMS878 fa04_04595 D162H re AGCCGGCCAGGTGGATGAAGAGG 

NMS879 fa04_04595 G205A D206H fw CGACTATATCGCTCACGCCGCCGTCA 

NMS880 fa04_04595 G205A D206H re TGACGGCGGCGTGAGCGATATAGTCG 

NMS881 rl1602 D164H fw CCTGTTCATCCACCTCGTCGATT 

NMS882 rl1602 D164H re AATCGACGAGGTGGATGAACAGG 

NMS883 rl1602 G207A D208H fw CGACTATGTCGCCCATGCGGCGATCA 

NMS884 rl1602 G207A D208H re TGATCGCCGCATGGGCGACATAGTCG 

NMS885 atu1149 D162H fw CATCTTCATCCATCTCGTCGGCT 

NMS886 atu1149 D162H re AGCCGACGAGATGGATGAAGATG 

NMS887 atu1149 G205A D206H fw CGATTACATTGCCCATGCCGCCATCAT 

NMS888 atu1149 G205A D206H re ATGATGGCGGCATGGGCAATGTAATCG 

NMS900 smc01755 HR1 HindIII fw catcaagcttGCACGGTCTCGGCGGTCT 

NMS901 smc01755 HR1 XbaI re catctctagaGGAACAGAAGGCATCCGATT

GCGG 

NMS902 smc01755 HR2 XbaI fw catctctagaTCCGATAGGGCTGCAGCTAG

AGC 

NMS903 smc01755 HR2 BamHI re catcggatccCCGCGAAGGGCTCGCCCT 

NMS904 smc01754 HR1 HindIII fw catcaagcttGCGGGCGGCCAGACGCGG 

NMS905 smc01754 HR1 XbaI re catctctagaCGGTATCTTTGCGTGTCTATT

TCCGG 

NMS906 smc01754 HR2 XbaI fw catctctagaCAATTTCGATTGTGACAGGT

GCCG 

NMS907 smc01754 HR2 BamHI re catcggatccGGTCTGCGGCTCCAATCGG

TGAA 

NMS908 rnd1 HR1 HindIII fw catcaagcttTTTCCACGGCCAAGCGTATT

CCG 

NMS909 rnd1 HR1 XbaI re catctctagaCGGGCTTTAATCACTGTGGC

AAAAATGC 

NMS910 rnd1 HR2 XbaI fw catctctagaAAACCGCCGCTCGACGACA 

NMS911 rnd1 HR2 BamHI re catcggatccCGCCGGCGACGTGCAAAA 

NMS913 smc00620 HR1 HindIII fw catcaagcttAGCCTGCATCCGCTGCGTG 
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NMS915 smc00620 HR1 XbaI re catctctagaAACTTCACCTCGGGTTGGAG

TGCA 

NMS916 smc00620 HR2 XbaI fw catctctagaACCCACTCCTCCTGCCCTCA

TC 

NMS917 smc00620 HR2 BamHI re catcggatccGCACTCGGCCTTCACGGG 

NMS918 ppxI ppk HR1 HindIII fw catcaagcttCGTCGACAAGGCCTGCGC 

NMS919 ppxI ppk HR1 XbaI re catctctagaTTGCTCTTTCGAACGTTCGC

GC 

NMS920 ppxI ppk HR2 XbaI fw catctctagaGCCTGTAAAGCCCCATTACT

CCGAAC 

NMS921 ppxI ppk HR2 BamHI re catcggatccCGCCGCGGAAAAGCCGGTC

C 

NMS922 PcyaB 300 HindIII fw catcaagcttAGCTCTTCGGCATGACGG 

NMS930 cyaB 500 up HindIII fw catcaagcttCGAGCTGCCGCGCCTGCCG

C 

NMS931 cyaB down Acc65I fw catcggtaccGACAAACATCAAACAGTTGT

CATCG 

NMS932 cyaB 500 down BamHI re catcggatccTCTTCAACGCCTCGACCC 
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2.2 - Methods 

2.2.1 - Microbiological methods 

2.2.1.1 - General microbiological methods 

General bacterial growth conditions 

I. Growth of E. coli 

Generally, the respective E. coli strains were cultivated at 37 ÁC in liquid LB media or on LB 

agar plates. Liquid cultures were shaken at 200 rpm. If needed antibiotics were added to 

the growth media at the concentrations shown in Table 3. 

II. Growth of S. meliloti 

Generally, the respective S. meliloti strains were cultivated at 30 ÁC in liquid TY media or on 

TY agar plates. Liquid cultures were shaken at 200 rpm. If needed antibiotics were added 

to the growth media at the concentrations shown in Table 3. 

III. Growth of A. fabrum 

Generally, A. fabrum (formerly A. tumefaciens C58) was cultivated at 30 ÁC in liquid TY or 

on TY agar plates. Liquid cultures were shaken at 200 rpm. If needed antibiotics were added 

to the growth media at the concentrations shown in Table 3. 

Preparation of chemically competent E. coli cells 

The preparation of chemically competent E. coli cells is based on an adaptation of Dr. 

Elizaveta Krol of the published protocol from Inoue et al. 1990(287). 

For the preparation of chemically competent E. coli cells, the respective strain was streaked 

out on an LB agar plate without any added antibiotics and grown overnight at 37 ÁC. 

Subsequently, 150 mL SOB media (without any added antibiotics) was inoculated with a 

single colony and grown overnight at RT and 150 rpm to an OD600 of approx. 0.6. Next, the 

culture was distributed in 50 mL falcon tubes and incubated for 10 min on ice. Afterwards, 

the cultures were pelleted for 10 min at 2,500 Ĭ g and 4 ÁC and the supernatant was 

discarded. The cell pellets were dissolved and reunited in a single falcon tube using in total 

50 mL ice-cold TB buffer, followed by another 15 min incubation on ice. Afterwards, the 

mixture was pelleted for 10 min at 2,500 Ĭ g and 4 ÁC. After discarding the supernatant, the 

cell pellet was carefully dissolved in 10 mL ice-cold TB buffer and 780 Õl DMSO was added 

to the mixture. After careful mixing, cells were aliquoted § 300 Õl in pre-cooled reaction 

tubes and flash frozen using liquid nitrogen. The chemically competent cells were stored at 

-80 ÁC until use. 
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Transformation of plasmid DNA into E. coli cells 

For transformation of plasmid DNA in chemically competent E. coli, cells were thawed on 

ice. 50 to 100 ÕL cell suspension was mixed with either 20 ÕL ligation reaction mix or 10 to 

50 ng of plasmid DNA. The mixture was incubated for at least 15 min on ice prior to a heat 

shock at 42 ÁC for 30 s in a water bath. Afterwards, the cells were again incubated on ice 

for at least 10 min and concomitantly 900 ÕL SOB medium was added to the cell-DNA 

mixture. Subsequently, the cell mixture was regenerated by incubation at 37 ÁC for at least 

1 h. After regeneration, cells were pelleted at 4,000 Ĭ g and the supernatant was decanted. 

The cell pellet was redissolved in the remaining media (approx. 50 to 100 ÕL) and 50 ÕL of 

the cell suspension was plated on LB agar plates containing the appropriate antibiotics. The 

cells were incubated at 37 ÁC overnight. 

Horizontal gene transfer via tri-parental mating 

For plasmid DNA transfer into the recipient strains S. meliloti or A. fabrum, conjugation was 

performed following the tri-parental mating principle. Here, an E. coli DH5Ŭ strain containing 

the desired plasmid served as a donor: Conjugational transfer of the plasmid DNA from the 

donor to the recipient was mediated by the E. coli MT616 helper strain, containing pRK600 

plasmid borne transfer genes (Finan et al. 1986(271)). 

The recipient strain, donor strain(s) and the helper strain were freshly streaked out on TY 

and LB agar plates containing the appropriate antibiotics and grown overnight at 30 ÁC and 

37 ÁC, respectively. Next, all strains were resuspended in sterile 0.9 % NaCl solution and 

adjusted to an OD600 of 1. The adjusted cell suspensions were then mixed in a 3:1:1 ratio 

(recipient : donor : helper) for transfer of one plasmid and 3:1:1:1 (recipient : donor 1 : donor 

2 : helper) for transfer of two plasmids at a time. The final volume of the cell mixture was 

300 ÕL. Of this cell suspension, 10 to 20 ÕL was spotted on a TY agar plate without 

antibiotics and, after drying of the spots, the plate was incubated at 30 ÁC overnight. The 

following day, cells of the mating spot were resuspended in 500 ÕL sterile 0.9 % NaCl. 

Dependent on the transferred plasmid, either a small amount of cell material (approx. the 

size of a single colony, for pSRKKm-based plasmids), one tenth of the mating spot (for 

pABC-based plasmids) or half of the mating spot (for pK18-based plasmids or when 

conjugating two plasmids at a time) was resuspended. The suspension was then plated 

non-diluted and in a 1:10 dilution on TY agar plates containing streptomycin and appropriate 

antibiotics based on the plasmid-borne resistance genes. The cells were grown at 30 ÁC for 

three to four days until single colonies were visible. 

Gene deletion/ insertion 

For genome editing, e.g. deletion of a gene or insertion of a gene in the genome, the 

capability of S. meliloti to perform homologous recombination was utilized. For this, the non-
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replicating pK18mobsacB ñsuicideò vector was used. To perform a gene deletion, approx. 

500 bp homologous sequence of only the flanking regions of the to be deleted gene were 

inserted into the pK18mobsacB plasmid. For insertion of a gene, the desired gene was 

inserted on the pK18mobsacB plasmid, flanked by approx. 500 bp homologous sequences 

of the desired location where the gene shall be inserted in the genome. The gene deletion 

or gene insertion construct was introduced into S. meliloti via conjugation. The homologous 

sequences enable the first homologous recombination step of plasmid insertion into the 

genome at the desired location. After conjugation and incubation for three to four days, two 

single transconjugant colonies growing on TY agar plates supplemented with kanamycin 

were streaked out on a fresh TY agar plate supplemented with kanamycin and incubated at 

30 ÁC overnight. Next, per transconjugant 3 mL TY medium without antibiotics was 

inoculated and incubated at 30 ÁC for 24 h at 200 rpm. Growth without the antibiotic 

selection pressure allows for a second homologous recombination event to occur, curing 

the respective cell from the pK18mobsacB plasmid-backbone. After incubation, 1:10 and 

1:100 dilutions of the culture were streaked out on TY agar plates containing streptomycin 

and 10 % sucrose and incubated at 30 ÁC for three to four days until single colonies were 

visible. The added sucrose is used to counter-select cells, which did not undergo a second 

homologous recombination event. This is achieved by SacB-dependent conversion of 

sucrose into the toxic compound levan(288) in cells still containing the pK18mobsacB 

plasmid-backbone. From the sucrose containing TY agar plate, 50 single colonies were 

streaked out in parallel on TY agar plates containing either only streptomycin or in addition 

kanamycin and incubated at 30 ÁC for 24 h. In direct comparison, strains growing on 

streptomycin but not on kanamycin containing TY agar plates putatively performed the 

desired gene deletion/ insertion and lost the pK18mobsacB suicide vector. To validate this 

event, a cPCR on the respective strains was performed. 

Determination of the growth characteristics 

Determination of the growth characteristics (growth curve) was determined in 96-well plates. 

First, 100 ÕL TY medium containing the appropriate antibiotics was inoculated with a single 

transconjugant colony. Per strain three independent colonies of a single conjugational 

experiment were tested (biological triplicates). The plate was sealed with a transparent foil 

and incubated at 30 ÁC for 24 h at 1,200 rpm on a 96-well plate shaker. Subsequently, 99 

ÕL Vincent minimal media (VMM) containing the appropriate antibiotics and additional 

inducing agents was inoculated with 1 ÕL pre-culture. For the blank, 1 ÕL TY medium was 

added to 99 ÕL VMM containing the same additives. After inoculation, the 96-well plate was 

wrapped approx. six times with parafilm (to ensure tight fitting of the lid) and then was 

covered with a sterile 96-well plate lid with condense rings. The growth (OD600) and 

fluorescence were monitored using the Tecan photometer InfiniteÈ 200 pro under the control 
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of the i-control program (v2.0.10.0). Monitored were the OD600 and the eGFP fluorescence 

(excitation at 488 nm, emission at 522 nm) over the course of 24 h to 48 h. Measurements 

were performed every 30 min. In between the plate was shaken for 30 s at 1,200 rpm in a 

5 min interval. The cultures were incubated at 30 ÁC. The OD600 and eGFP fluorescence 

were normalized by subtracting the respective value of the blank. After normalization, the 

mean and the standard deviation of the OD600 and eGFP fluorescence values of three 

biological triplicates were calculated. 

Cryo-preservation of bacterial cells 

For preservation of E. coli, S. meliloti, or A. fabrum cells, the desired strain was cultured in 

3 mL liquid LB or TY medium containing the appropriate antibiotics, respectively. The 

cultures were grown until stationary. As cryo-protectants either DMSO or glycerol was used. 

For a DMSO stock, 850 ÕL of the culture was mixed with 150 ÕL of DMSO, thoroughly mixed 

and stored at -80 ÁC. For a glycerol stock, 500 ÕL of the culture was mixed with 500 ÕL of 

50 % glycerol (v/v mixed with sterile H2O), thoroughly mixed and stored at -80 ÁC. 

For cryo-preservation of 96-well plates containing 100 ÕL of stationary culture per well, 100 

ÕL of 50 % glycerol (v/v mixed with sterile H2O) was added to each well and sealed with an 

aluminum-seal. After sealing, the plate was shaken for 5 min at 1,200 rpm, covered with an 

additional transparent 96-well lid (without condense rings) and stored at -80 ÁC. 

2.2.1.2 - Reporter based detection of promoter activity 

Tecan plate reader detection of fluorescence/ luminescence 

Promoter activity utilizing either a fluorescence-based marker (eGFP) or luminescence-

based marker (LuxCDABE) was determined in a 96-well plate. First, 100 ÕL TY medium 

containing the appropriate antibiotics was inoculated with a single transconjugant colony. 

Per strain three independent colonies of a single conjugational experiment were tested 

(biological triplicates). The plate was sealed with a transparent foil and incubated at 30 ÁC 

for 24 h at 1,200 rpm on a 96-well plate shaker. Subsequently, 99 ÕL Vincent minimal media 

(VMM) or MOPS minimal media (MMM) containing the appropriate antibiotics and additional 

inducing agents was inoculated with 1 ÕL pre-culture. For the blank, 1 ÕL TY medium was 

added to 99 ÕL VMM/ MMM containing the same additives. Again, the plate was sealed with 

a transparent foil and incubated at 30 ÁC for 24 h and 1,200 rpm on a 96-well plate shaker. 

The OD600 and fluorescence (excitation at 488 nm, emission at 522 nm) / luminescence 

were monitored using the Tecan photometer InfiniteÈ 200 pro under the control of the i-

control program (v2.0.10.0). The OD600 and eGFP fluorescence/ luminescence were 

normalized by subtracting the respective value of the blank. Subsequently, the relative 

fluorescence unit (RFU) or relative luminescence unit (RLU) were calculated. For this, the 

normalized fluorescence/ luminescence values were divided by the respective normalized 
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OD600 values. Next, the mean of the empty vector control (EV) values was calculated and 

subsequently, these values were subtracted from the respective promoter-construct values. 

After normalization and calculating the RFU/ RLU, the mean and the standard deviation of 

the RFU/ RLU values of three biological triplicates were calculated. 

Flow-cytometry based detection of fluorescence 

First a pre-culture of the respective strain was prepared by inoculating 3 mL TY, containing 

the appropriate antibiotics, with a single colony, followed by incubation at 30 ÁC for 24 h at 

200 rpm. From this pre-culture, 3 mL VMM containing the appropriate antibiotics and 

supplemented with either solvent or 300 ÕM iP was inoculated 1:100 and incubated for 24 

h at 30 ÁC and 200 rpm. From this point on, the workflow was carried out as previously 

described by Vera Bettenworth(289) with minor alterations. Briefly, the cultures were adjusted 

to an OD600 of 0.4 and then 1 mL was pelleted at 4,000 Ĭ g for 5 min at 4 ÁC. The supernatant 

was discarded and the cell pellet was resuspended in 1 mL ice-cold PBS and kept on ice 

until analysis. To monitor the populational response of S. meliloti towards iP, eGFP 

fluorescence was monitored via the BD Fortessa Flow Cytometer utilizing a 488 nm 

excitation laser. The BD FACSDiva 8.0.1 program was used to operate the BD Fortessa 

Flow Cytometer and data was exported in the FCS 3.0 file format. Data analysis of at least 

28,000 events per sample were performed according to Vera Bettenworth(289) using the 

FlowJo program (v10.8). For measurements three biological replicates deriving from a 

single conjugational experiment were analyzed. 

2.2.1.3 - In vivo protein interaction 

Bacterial two hybrid assay 

To verify an in vivo protein-protein interaction, the bacterial two hybrid assay was performed 

according to Karimova et al.(283) with minor experimental adjustments. Briefly, E. coli 

BTH101 was co-transformed with corresponding pUT18Spe and pKNT25Spe plasmid 

pairs. These plasmids contained the gene encoding for the protein of interest in frame with 

a coding sequence encoding either the T18 or T25 AC/GC fragment. For co-transformation, 

10-50 ng plasmid DNA per construct was added to 20 ÕL chemically competent E. coli 

BTH101 cells and incubated on ice for 15 min. Next, the cells were heat shocked at 42 ÁC 

for 30 s in a water bath and concomitantly incubated on ice for another 10 min prior to 

regeneration. For regeneration, 100 ÕL SOB was added to the cells and incubated at 37 ÁC 

for 1 h. The co-transformation was performed in a 96-well plate. The plate was covered with 

a transparent lid prior to incubation. After regeneration, the cultures were mixed at RT for 5 

min and 1,200 rpm. 20 ÕL of the culture was plated on LB agar plates containing ampicillin 

and kanamycin and were incubated at 37 ÁC overnight. The following day, a 96-well plate 

containing 100 ÕL LB medium per well supplemented with ampicillin and kanamycin was 
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inoculated with a single colony per well and incubated at 37 ÁC for 4 h. The plate was 

covered with a transparent lid prior to incubation. After regeneration, the cultures were 

mixed at RT for 5 min and 1,200 rpm. 10 ÕL per culture was spotted on an LB agar plate 

containing ampicillin, kanamycin as well as 500 ÕM IPTG and 100 mg/ L X-Gal. The LB agar 

plate was prepared in a square dish with 60 ml LB agar. The spots were allowed to dry and 

then incubated at 30 ÁC overnight followed by incubation at RT overnight in the dark. After 

incubation, the spots were documented using the Amersham ImageQuant 800. For each 

co-transformant, four independent colonies were analyzed. As a positive control, displaying 

a strong and specific protein-protein interaction, served the pUT18C-ZIP and pKT25-ZIP 

plasmid combination. As a negative control, displaying no (unspecific) protein-protein 

interaction, served a combination of the tested construct with the corresponding pUT18C-

ZIP and pKT25-ZIP plasmid partner. 

PopZ-linked apical recruitment (POLAR) 

The PopZ-linked apical recruitment (POLAR) protein-protein interaction assay was 

developed by Hoong Chuin Lim and Thomas G. Bernhardt(281). The method is based on the 

strong and reliant localization of the PopZ protein from Caulobacter crescentus at the cell 

pole, which is also true when expressed in E. coli. Further, it was shown that only a short 

52 aa long fragment of PopZ, termed the H3H4 homo-oligomerization domain, is needed 

for a robust interaction with the higher order PopZ oligomers localized at the cell pole(281,290). 

Due to the small size, the H3H4-domain serves as an excellent protein-tag to reliably ñdragò 

one of the proteins of interest to the cell pole, enabling the utilization of this protein to serve 

as a bait for the potential interaction partner. In combination with the two fluorophore-tags 

mScarlett and sfGFP attached to either the bait protein (located at the cell pole due to the 

H3H4-tag) or the prey protein (only tagged by a fluorophore), the POLAR assay allows an 

elegant microscopy-based observation of protein-protein interactions in vivo. 

I. Preparation of electrocompetent E. coli TB28 cells 

For preparation of electrocompetent E. coli TB28 cells, the strain was streaked out on an 

LB agar plate containing ampicillin. The ampicillin resistance is conferred by the pAH69 

helper plasmid, which at a later stage, mediates the integration of the prey plasmid into the 

genome of E. coli via a HK022 phage attachment site. Next, a pre-culture was prepared by 

inoculating 5 ml LB medium supplemented with ampicillin and incubation at 37 ÁC overnight 

at 200 rpm. From this pre-culture, 250 mL LB supplemented with ampicillin was incubated 

at 30 ÁC at 200 rpm until an OD600 of 0.15 was reached. Then, the culture was incubated at 

42 ÁC for 30 min in a water bath to induce the pAH69 encoded phage integrase. After the 

heat treatment, the culture was incubated on ice for 1 h and concomitantly pelleted at 4,000 

Ĭ g for 20 min at 4 ÁC. The supernatant was discarded and the cells were washed once with 

250 mL ice-cold 10 % glycerol and twice with 50 mL ice-cold 10 % glycerol, respectively. 



2 Materials & Methods 

90 

Each time the cells were pelleted at 4,000 Ĭ g for 20 min at 4 ÁC. After the last wash, the 

supernatant was discarded and the cell pellet was resuspended in 12 mL ice-cold 10 % 

glycerol. The cell suspension was aliquoted § 100 ÕL in ice-cold PCR-stripes and flash 

frozen in liquid nitrogen. The electrocompetent cells were stored at -80 ÁC until use. 

II. Electroporation of plasmid DNA into E. coli TB28 cells 

For introducing the prey- and bait-plasmid into E. coli TB28, both plasmids were 

simultaneously electroporated. Here, 1 ÕL per plasmid (approx. 20 ng of prey- and approx. 

40 ng of bait-plasmid) was mixed with 50 ÕL of electrocompetent E. coli TB28 cells, added 

into a sterile ice-cold electroporation cuvette and incubated on ice for 15 min. Prior to 

electroporation, the cuvette was dried using a paper towel to avoid malfunction. 

Electroporation was performed with the EporatorÈ device using the following parameters: 

1.7 kV, 100 ɋ. Immediately after electroporation, 900 ÕL SOC medium was added to the 

cells and transferred into a reaction tube. The cells were regenerated at 37 ÁC for 1 h. After 

regeneration, cells were pelleted at 4,000 Ĭ g and the supernatant was decanted. The cell 

pellet was redissolved in the remaining media (approx. 50 to 100 ÕL) and 50 ÕL of the cell 

suspension was plated on LB agar plates containing chloramphenicol and tetracycline. The 

cells were incubated at 37 ÁC overnight. 

III. Microscopy based evaluation of protein-protein interaction 

A pre-culture was prepared by inoculating 3 ml LB medium containing chloramphenicol and 

tetracycline with a single E. coli TB28a colony containing both the prey- and bait-plasmids. 

The pre-culture was incubated at 30 ÁC overnight at 200 rpm. The next day, 3 ml M9-maltose 

medium containing chloramphenicol and tetracycline was inoculated 1:50 from the pre-

culture and incubated at 37 ÁC at 200 rpm until an OD600 of approx. 0.4. Then, IPTG and 

arabinose were added to a concentration of 100 ÕM and 0.05 %, respectively. Afterwards 

the culture was incubated for approx. 20 h at 30 ÁC at 200 rpm prior to image acquisition. 

For imaging, an agarose gel pad was prepared. For this, 2 % agarose were dissolved in 

H2O by boiling and immediately transferred on a glass slide. On both sides of the glass 

slide, two more slides were stapled to allow covering the agarose to achieve an even plane. 

The agarose was allowed to solidify. Afterwards, 2 ÕL of the culture was spotted on the 

agarose pad and slightly tilted to distribute the cell suspension. After drying of the cell 

suspension, the agarose gel pad was covered with a glass coverslip and then subjected to 

microscopy. Prior to microscopy, an oil droplet was placed on the coverslip. Microscopy was 

performed using the Nikon microscope Eclipse Ti-E equipped with a differential interference 

contrast (DIC) CFI Apochromat TIRF oil objective (100x; numerical aperture of 1.49) and a 

phase-contrast Plan Apo l oil objective (100x; numerical aperture, 1.45). Excitation of 

fluorophores was achieved by a green DPSS solid state laser (Sapphire) and a diode laser 

(Sapphire) with the AHF HC filter sets F36-504 mCherry (ex bp 562/40 nm, bs 593 nm, and 



2 Materials & Methods 

91 

em bp 624/40 nm) and F36-525 eGFP (ex bp 472/30 nm, bs 495 nm, and em bp 520/35 nm). 

Images were acquired with an Andor iXon3 885 electron-multiplying charge-coupled device 

(EMCCD). The abovementioned devices were controlled using the NIS-Elements software 

(v4.13). Image processing was performed utilizing either the NIS-Elements software (v4.13) 

or ImageJ (v1.8.0_0345) with the following plugins installed: Bio-Formats (v8.1.1), Nikon 

ND2 Reader. 

2.2.2 - Molecular biological methods 

2.2.2.1 - DNA manipulation and assembly 

DNA isolation 

I. Isolation and purification of genomic DNA 

For isolation and purification of genomic DNA from S. meliloti, 5 mL TY containing 

streptomycin was inoculated and incubated at 30 ÁC at 200 rpm until reaching an OD600 of 

approx. 1. The DNeasy Blood & Tissue Kit was used for isolation of genomic DNA with the 

following adaptations: for isolation 1 mL culture (OD600 of 1) was used. The cell pellet was 

redissolved in 200 ÕL ATL-buffer and incubated at 56 ÁC for 1 h. The genomic DNA was 

eluted in 200 ÕL H2O. The elution was diluted to attain a DNA concentration of 10 to 20 ng/ 

ÕL. 

II. Isolation and purification of plasmid DNA 

For plasmid isolation from E. coli, 5 mL LB containing the appropriate antibiotics was 

inoculated with a single colony and incubated at 37 ÁC overnight at 200 rpm. For plasmid 

isolation, 4 mL of this culture was used. Isolation of the plasmid was performed using the 

E.Z.N.A.È Plasmid Mini Kit I according to the manufacturerôs manual. Plasmid DNA was 

eluted in 50 ÕL H2O. 

Amplification of DNA via Polymerase Chain Reaction (PCR) 

I. Q5 polymerase-based amplification of desired DNA fragments 

To amplify specific DNA regions from genomic or plasmid DNA templates, polymerase chain 

reaction (PCR) utilizing the Q5È High-Fidelity DNA polymerase was performed. The Q5È 

High-Fidelity DNA polymerase was used due to its low error rate (approx. 280x more specific 

than the Taq-polymerase according to the manufacturer). The PCR reaction was setup 

according to the manufacturerôs manual. 

Table 16: Q5-polymerase reaction mix 

Component 50 ÕL reaction mix end concentration 

5x Q5È buffer 10 ÕL 1x 

5x Q5È High GC-Enhancer 

(optional) 
10 ÕL 1x 
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DMSO (optional) 2.5 ÕL 5 % 

dNTPs [10 mM] 1 ÕL 200 ÕM 

Oligonucleotide forward [10 mM] 2.5 ÕL 0.5 ÕM 

Oligonucleotide reverse [10 mM] 2.5 ÕL 0.5 ÕM 

Q5È High-Fidelity DNA 

Polymerase (2000 U/ mL) 
0.5 ÕL 0.02 U/ ÕL 

Template DNA (10 to 100 ng/ ÕL 1 ÕL 10 to 50 ng 

H2O ad. to 50 ÕL  

After adding all components, the reaction mix was thoroughly mixed (e.g. vortex) and 

distributed in two PCR-reaction tubes (25 ÕL each). The PCR-program was adjusted 

according to the manufacturerôs manual. Principally, the PCR is dissected in the three steps 

(1) DNA denaturing, (2) annealing of oligonucleotides and (3) DNA elongation. The 

annealing temperature is dependent on the characteristics of the used oligonucleotides 

(GC-content and length), while the elongation time is dependent on the length of the desired 

DNA product (approx. 20 s/ kbp DNA). The annealing temperature was calculated using the 

NEB Tm-Calculator online-tool (https://tmcalculator.neb.com/#!/main). For this calculation 

only the homologous bp compared to the template were considered (e.g. not the added bp 

for restriction-enzyme recognition). 

Table 17: Q5-polymerase PCR thermocycler protocol 

Step Temperature Time Cycles 

Initial DNA denaturing 98 ÁC 5 min 1 

DNA denaturing 98 ÁC 30 s 

25 to 30 DNA annealing 50 to 72 ÁC 45 s 

DNA elongation 72 ÁC 20 s/ kbp 

final elongation 72 ÁC 2 min 1 

II. Overlap-extension PCR 

For introducing different mutations in a gene (e.g. point mutations or partial deletions/ 

insertions of the coding sequence) without introducing unnecessary bp for restriction 

recognition, the overlap-extension PCR was performed. Throughout this PCR technique, 

two or more DNA fragments are merged to the other by utilizing bridging oligonucleotides. 

The bridging oligonucleotides are designed to contain at least 15 bp homologous sequence 

to the first as well as the second DNA fragment, enabling the joining of both DNA fragments. 

At first, the to be merged DNA fragments were amplified via Q5-polymerase based PCR 

using one oligonucleotide only annealing to the respective fragment as well as a bridging 

https://tmcalculator.neb.com/#!/main
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oligonucleotide, homologous to the to be merged fragments. The PCR products were 

purified using the E.Z.N.AÈ Cycle Pure Kit according to the manufactureôs manual (see 

below). Next, the DNA fragments served as the template for another PCR reaction (100 ng 

of each fragment) containing all components described above except for the forward and 

reverse oligonucleotides. Using this reaction mix, a Q5-PCR program reduced to 15 cycles 

was performed. This allowed the DNA fragments to anneal to each other via the bridging bp 

(added through the bridging oligonucleotides in the previous PCR-reaction), creating 

enough template of the desired merged DNA fragment. After this template generating PCR-

reaction, the oligonucleotides annealing at the 5ô and 3ô of the merged DNA fragment were 

added and a full PCR-reaction (30 cycles) was performed. The entire PCR-reaction was 

subjected to agarose gel electrophoresis and subsequent DNA-extraction from agarose 

(see below). 

III. Taq polymerase-based verification of colonies (cPCR) 

For verification of genomic deletions/ insertions in S. meliloti or successful plasmid 

construction, colony PCR (cPCR) utilizing the Taq-polymerase was performed. For this, a 

small amount of bacterial cells (roughly one colony) served as a template for the cPCR-

reaction mix, which were directly added to the mix. The PCR reaction was setup according 

to the manufacturerôs manual. 

Table 18: Taq-polymerase reaction mix 

Component 15 ÕL reaction mix end concentration 

10x ThermoPolTm Buffer 1.5 ÕL 1x 

dNTPs [10 mM] 0.3 ÕL 200 ÕM 

Oligonucleotide forward [10 mM] 0.3 ÕL 0.2 ÕM 

Oligonucleotide reverse [10 mM] 0.3 ÕL 0.2 ÕM 

Taq-DNA Polymerase  0.075 ÕL 0.375 U/ 15 ÕL 

Template single colony  

H2O ad. to 15 ÕL  

The PCR-program was adjusted according to the manufacturerôs manual. The annealing 

temperature is dependent on the characteristics of the used oligonucleotides (GC-content 

and length), while the elongation time is dependent on the length of the desired DNA product 

(approx. 1 min/ kbp DNA). The annealing temperature was calculated using the NEB Tm-

Calculator online-tool (https://tmcalculator.neb.com/#!/main). 

Table 19: Taq-polymerase PCR thermocycler protocol 

Step Temperature Time Cycles 

Initial DNA denaturing 95 ÁC 30 s 1 

https://tmcalculator.neb.com/#!/main
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DNA denaturing 95 ÁC 30 s 

30 DNA annealing 45 to 68 ÁC 30 s 

DNA elongation 68 ÁC 1 min/ kbp 

final elongation 68 ÁC 5 min 1 

Agarose gel electrophoresis 

To verify the correct size of DNA fragments after PCR amplification or a control restriction 

of plasmid DNA, DNA was separated by size in a 1.5 % agarose gel. The agarose was 

dissolved in 1x TAE buffer by boiling prior to pouring the agarose gel into gel electrophorese 

chamber. A serrated comb (possessing either e.g. 16 teethôs) was placed in the liquid 

agarose and then the agarose was allowed to solidify. After the agarose solidified, the 

chamber was filled with 1x TAE buffer and the comb was taken out of the agarose gel. The 

DNA was mixed with 6x DNA running buffer and loaded in separate pockets of the agarose 

gel. 1.5 ÕL of the GeneRuler 1 kb Plus DNA Ladder served as a size standard for 

comparison. DNA was separated at 120 - 130 V for 20 ï 25 min. Afterwards, the agarose 

gel containing the separated DNA was cut out and incubated for 10 ï 15 min in an ethidium 

bromide bath (1 mg/ L ethidium bromide) prior to observation utilizing a UV-screen. 

Cleanup of PCR products 

Purification of PCR amplified DNA fragments, not displaying any undesired site products in 

the PCR reaction mix, was carried out using the E.Z.N.A.È Cycle Pure Kit following the 

manufacturerôs manual. The DNA was typically eluted in 35 ÕL H2O. 

DNA extraction from agarose 

Purification of PCR amplified DNA fragments containing undesired site products in the PCR 

reaction mix, or per default after the overlap PCR, was carried out using the GFX PCR DNA 

and Gel Band Purification Kit following the manufacturerôs manual. For this, the desired 

DNA band was cut out of the agarose gel utilizing the UV-screen. The DNA was typically 

eluted in 35 ÕL H2O. 

Quantification of DNA 

Determination of the DNA concentration of purified DNA fragments, plasmid DNA or 

genomic DNA was carried out using a NanoDropTm 2000 UV-Vis spectral photometer. For 

this, the device was blanked once with 1 ÕL H2O and afterwards the DNA content in 1 ÕL 

DNA solution was determined. 
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Restriction digestion of DNA 

Following the standard cloning procedure, DNA inserts and the target plasmid DNA were 

digested using restriction endonuclease enzymes performing a site-specific hydrolyzation 

of the DNA mediated by a restriction recognition site. For the digestion, FastDigest 

restriction enzymes were used due to there low star activity (according to the manufacturer). 

Additionally, the plasmid DNA was typically dephosphorylated to avoid self-ligation in 

concomitant steps using the thermosensitive alkaline phosphatase FastAP. The digestion 

reaction mix was incubated for at least 1 h at 37 ÁC (typically 2 h for plasmid DNA). 

Table 20: Restriction digestion reaction mix 

Component 50 ÕL reaction mix 

DNA 200 ï 1000 ng 

restriction endonuclease 0.5 ÕL per 1 Õg DNA 

10x FastDigest buffer 5 ÕL 

FastAP (optional) 1 ÕL per 1 Õg DNA 

H2O ad. to 50 ÕL 

After restriction digestion, the DNA was purified using the E.Z.N.A.È Cycle Pure Kit following 

the manufacturerôs manual. The DNA was typically eluted in 35 ÕL H2O. 

Oligonucleotide (primer) hybridization 

For oligonucleotide hybridization, two complementary oligos containing the wanted 

sequence (e.g. promoter sequence) were ordered at an external third-party company and 

the oligos were resolubilized in H2O. Additionally, the oligos were 5ô-phosphorylated utilizing 

a PNK (for polynucleotide kinase) enzyme to allow handling in concomitant steps. 

Table 21: Oligonucleotide hybridization reaction mix 

Component Volume 

Oligonucleotide 1 (100 ÕM) 1 ÕL 

Oligonucleotide 2 (100 ÕM) 1 ÕL 

10x T4 buffer 5 ÕL 

T4-PNK 1 ÕL 

H2O ad. to 50 ÕL 

The hybridization reaction was carried out in a PCR-cycler with the following program. Slow 

gradual cooling allows annealing of complementary oligos (hybridization). 

Table 22: Oligonucleotide hybridization thermocycler protocol 

Step Temperature Time Cycles 

5ô phosphorylation 37 ÁC 45 min 1 
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denaturing 50 ÁC 10 min 1 

final denaturing 95 ÁC 5 min 1 

gradual cooling 95 ÁC to RT 1 ÁC/ min 1 

DNA ligation 

After restriction digestion of the plasmid backbone and the DNA insert, both were ligated 

using the T4 DNA Ligase. The plasmid and insert DNA were mixed in a ratio of 1:5 (ng). 

The ligation mix was either incubated at RT for at least 1 h or at 16 ÁC overnight. 

Table 23: DNA ligation reaction mix 

Component concentration 

DNA plasmid backbone approx. 10 ng 

DNA insert approx. 50 ng 

T4 DNA Ligase 1 ÕL 

10x T4 buffer 2 ÕL 

H2O ad. to 20 ÕL 

Typically, the whole ligation reaction mix was used for transformation into E. coli. 

Golden Gate Assembly and Modular cloning (MoClo) 

As another method of plasmid construction, the Golden Gate Assembly method and the 

descendent modular cloning (MoClo) method were performed. These methods are based 

on Type IIS restriction enzymes like BsaI, which cuts four bp downstream of its DNA 

recognition motif. Hence, the Golden Gate Assembly and MoClo-assembly method allows 

to perform a one pod restriction and ligation reaction. The target vector and the insert(s) 

were designed to possess the same overhang after BsaI restriction to allow their ligation. 

Ligation was performed by an added T4 DNA Ligase. 

Table 24: Golden Gate Assembly and MoClo-assembly reaction mix 

Component volume 

Golden Gate Assembly 

DNA plasmid backbone (15 nM) 1 ÕL 

DNA insert(s) (15 nM) 1 ÕL (each) 

10x T4 Buffer 2 ÕL 

T4 DNA Ligase 0.5 ÕL 

Type IIS restriction enzyme (BsaI) 0.5 ÕL 

H2O ad. to 20 ÕL 

MoClo-assembly 

Target backbone (pABCa-L1, 40 nM) 0.5 ÕL 
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Reporter sequence (L0-vector, 40 nM) 0.5 ÕL 

Dual terminator sequence (L0-vector, 40 nM) 0.5 ÕL 

Promoter sequence (oligo hybrid, 400 nM) 5 ÕL 

10xT4 Buffer 2 ÕL 

T4 DNA Ligase 0.5 ÕL 

Type IIS restriction enzyme (BsaI) 0.5 ÕL 

H2O ad. to 20 ÕL 

The Golden Gate Assembly and MoClo-assembly reaction was performed utilizing a PCR-

cycler with the following program. 

Table 25: Golden Gate Assembly and MoClo-assembly thermocycler protocol 

Step Temperature Time Cycles 

Restriction 37 ÁC 2 min 

20 

Ligation 16 ÁC 5 min 

Denaturing/ Inactivation I 50 ÁC 10 min 1 

Denaturing/ Inactivation II 80 ÁC 10 min 1 

Typically, 10 ÕL of the Golden Gate Assembly or MoClo-reaction mix was used for 

transformation into competent E. coli. 

Sanger sequencing 

For verification of the desired plasmid constructs, the plasmid was sequenced by the chain 

termination sequencing method (Sanger sequencing) performed at the external third-party 

company Microsynth Seqlab. The sequencing samples were prepared according to the 

companiesô instructions (typically 50 ï 100 ng/ ÕL DNA in 15 ÕL reaction mix containing 2 

ÕL of a single binding oligonucleotide [10 ÕM] for sequencing). 

2.2.2.2 - Protein handling 

Co-immunoprecipitation (CoIP) assay 

Principally, the Co-IP experiments as well as protein detection via mass spectrometry were 

performed as previously described by Krol et al. 2020(278). Briefly, the S. meliloti æcyaB strain 

producing CyaB-C3F and the negative-control strain carrying plasmid pSRKKm-3xFLAG to 

confer resistance to kanamycin were incubated in 200 mL of TY medium, containing 

kanamycin and supplemented with either EtOH or 300 ÕM iP, at 30 ÁC and 200 rpm to an 

OD600 of 0.4 to 0.6. Subsequently, the culture was cross-linked with 2 mL of 37 % 

formaldehyde for 15 min at RT and shaking at 80 rpm. Afterwards the cultures were 

quenched for 10 min at RT and 80 rpm with 25 mL glycine (2 M, final concentration of 0.35 
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M) and pelleted at 4,000 Ĭ g at 4 ÁC for 10 min. The cell pellet was washed once with 25 mL 

ice cold TE buffer containing 0.1 % sodium lauryl sarcosinate and twice with 50 mL ice cold 

PBS. Cell pellets were resolubilized in 4 mL ice cold CoIP lysis buffer and lysed using a 

French press instrument and a small pressure chamber (max. volume 4 mL) at 1000 psi. 

Cells were passed through the chamber three times to achieve complete lysis. Cell debris 

was pelleted by centrifugation at 30,000 Ĭ g and 4 ÁC for 30 min. The cleared lysates were 

incubated with anti-FLAG M2 affinity gel (FLAG immunoprecipitation kit; Sigma) and 

proteins were purified according to the manufacturerôs manual. Bound proteins were eluted 

with 3ĬFLAG peptide solution. 

Mass spectrometry measurements of the purified Co-IP samples were performed as 

described previously(285) by an in-house service provided by Dr. Uwe Linne at the Core 

facility for mass spectrometry and element analytics of the Chemistry department of the 

University of Marburg. Relative score (%) of each protein detected in the Co-IP samples 

was calculated as a fraction of the sum of all peptide scores of the respective sample. The 

relative enrichment of the detected proteins was calculated by multiplying the relative score 

with the coverage value of the respective proteins (percentage of the amino acid sequence 

covered by the detected peptides). Two-sample test (Studentôs t-test) as a basis for volcano 

plots were performed using Perseus V1.6.15.0(267). 

In vitro protein-protein interaction assay 

I. Protein production and purification 

For protein purification, the E. coli BL21 strain was used. Here, the strain containing the 

desired construct was grown on LB agar plates supplemented with kanamycin. From this 

plate a 15 mL LB-preculture was inoculated and incubated at 30 ÁC overnight at 200 rpm. 

The next day, the preculture was used to inoculate 500 mL LB containing kanamycin to an 

OD600 of 0.05 and then incubated at 37 ÁC at 200 rpm until reaching an OD600 of approx. 

0.6. Upon reaching the desired OD600, Dxs-C3F protein production was induced by addition 

of IPTG to a final concentration of 200 ÕM to the culture, while MBP-CyaBCHD protein 

production was achieved by addition of lactose to a final concentration of 2 % to the culture. 

The respective culture was then incubated at RT overnight at 150 rpm. IPTG or lactose 

addition led to Plac dependent production of the protein, tagged with a 6x His-tag. The 6x 

His-tag is needed for affinity chromatographic purification of the protein in a later step. The 

next day, the culture was pelleted at 10,000 Ĭ g for 10 min and the supernatant was 

discarded. The cell pellet was dissolved in 30 mL ice-cold protein extraction buffer A. From 

this point on the sample was constantly placed in ice if possible. Next, the cells were lysed 

using a French Press and a big pressure chamber (max. volume approx. 35 mL) at 1000 

psi. The cells were passed through the chamber three times to achieve a complete lysis. 

The crude lysate was then subjected to centrifugation at 30,000 Ĭ g for at least 30 min at 4 
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ÁC. The resulting cleared lysate (supernatant) was transferred into a clean falcon tube. 

Purification of the protein was achieved by affinity chromatography via a 5 mL HisTrapTm 

HP column. Purification of the protein was performed using the  kta startTm device, operated 

at a flow speed of 1 mL/ min. Prior to sample application, the 5 mL HisTrapTm HP column 

was equilibrated using at least 20 mL of the respective buffer A. After equilibration of the 

column, the cleared lysate was loaded on the column. Afterwards, the column was washed 

with 20 mL buffer A, followed by elution using the respective elution buffer B. Elution was 

performed in 30 elution steps § 2 mL each. After elution, the approx. protein content was 

elucidated using the NanoDropTm 2000 UV-Vis spectral photometer. For this, the device was 

blanked once with 2 ÕL of the respective buffer B and then the protein concentration of the 

different elutionôs was determined. Elutionôs were pre-filtered based on the UV 

chromatograph provided by the  kta startTm. 

After protein purification, the HisTrapTm column was stripped and regenerated. For this, the 

column was first washed with at least 40 mL H2O followed by stripping of the column using 

20 mL of the Ni-NTA stripping buffer. After stripping, the column was again washed with at 

least 40 mL H2O followed by regeneration using 10 to 15 mL of a 200 mM NiCl2 solution. 

The regenerated column was stored at 4 ÁC. If necessary, a thorough wash, using 1 M 

NaOH and/ or 30 % isopropanol, may also was performed according to the manufacturerôs 

manual. NaOH wash was performed to remove precipitated, hydrophobically bound and 

lipo-proteins. Isopropanol wash was performed to remove hydrophobically bound and lipo-

proteins as well as lipids. 

II. SDS-PAGE based separation of proteins 

Proteins were separated in an SDS-acrylamide gel (short SDS-gel) following the SDS-

PAGE method. After protein purification from E. coli BL21, 10 ÕL of the protein samples 

(crude lysate, cleared lysate, wash, elutions) were mixed with 2x Laemmli buffer and 

incubated at 95 ÁC for 10 min. Alternatively, 100 ÕL of S. meliloti culture was pelleted at 

10,000 Ĭ g for 10 min and the cell pellet was dissolved in 20 ÕL 1x Laemmli buffer. After the 

incubation the solution was allowed to cool down to RT prior to loading the SDS-PAGE. The 

latter was prepared in two separate steps utilizing an SDS-PAGE pouring chamber. First 

the separation gel was prepared and 3.3 mL were poured in the chamber (added in 825 ÕL 

steps). After pouring the separation gel into the chamber, the top of the liquid solution was 

covered with 99 % isopropanol and allowed to polymerize. Addition of isopropanol helped 

avoiding air bubbles at the top of the separation gel. After polymerization, the isopropanol 

was decanted and the stacking gel was prepared. Prior to adding the stacking gel on top of 

the separation gel, a serrated comb (usually 15 teethôs) was added to generate pockets for 

the protein solution. The stacking gel was carefully added to avoid air bubbles. The stacking 

gel was allowed to polymerize for approx. 10 to 15 min. After full polymerization, the SDS-
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gel was either used directly or stored for up to two weeks by wrapping in a wet paper towel 

and storing in a plastic bag at 4 ÁC. For protein separation, the SDS-gel was placed in a gel 

electrophorese chamber and the chamber was filled with SDS running buffer. Per sample 

10 ÕL were added to a single pocket. 2 ÕL of the PageRuler Plus Prestained Protein Ladder 

served as a size standard for comparison. Proteins were separated at 120 V and 20 mA for 

approx. 1 h. After separation, the SDS-gel may be stained using the Coomassie staining 

solution. This was achieved either by staining at RT overnight shaking at 50 rpm or by 

controlled heating in a microwave till boiling, followed by approx. 20 min incubation at RT 

shaking at 50 rpm. After staining, the Coomassie solution was decanted and the gel was 

destained using the destaining solution. 

III. Immunodetection of proteins via Western Blot 

For immunodetection of Flag-tagged proteins, a Western Blot was performed. For this the 

SDS-gel was not stained after separation of the proteins. However, the proteins were 

transferred on a PVDF membrane (0.2 Õm) via a Semi-Dry-Blotter. To do so, the PVDF 

membrane was cut to size and then activated in 100% methanol for 20 s. Afterwards the 

activated PVDF membrane and the SDS-gel were separately incubated in transfer buffer 

for 10 min. Next, a transfer ñsandwichò was assembled in the Semi-Dry-Blotter as follows. 

Three pieces of Whatman paper (soaked in transfer buffer immediately before assembly) 

served as the base. On top of this base the PVDF membrane was placed and on top of the 

PVDF membrane the SDS-gel. The ñsandwichò was finalized with another layer of three 

pieces Whatman paper (also soaked in transfer buffer). All layers were placed carefully to 

avoid air bubbles. After assembly, a Falcon tube was carefully rolled over the ñsandwichò to 

remove air bubbles and excess liquid. Afterwards, the blotter was evenly closed with the lid 

using the two screws to avoid uneven pressure on the transfer ñsandwichò. The protein 

transfer from the SDS-gel to the PVDF membrane was achieved by setting the parameters 

to 15 V and 200 mA (per gel) for 1 h. After the transfer, the PVDF membrane was incubated 

with 20 mL PBST-M solution in a 50 mL Falcon tube (proteins facing inward) at RT for 1 h 

on a rolling shaker. Subsequently, the PBST-M solution was discarded and the membrane 

was shortly washed with 15 mL PBST solution. After the short wash, the PBST solution was 

decanted and 15 mL PBST containing 1.5 (purified protein) to 15 ÕL (S. meliloti cell pellet) 

monoclonal ANTI-FLAGÈ M2-antibody (mouse) was added to the membrane and incubated 

at 4 ÁC overnight on a rolling shaker. The next day, the PBST-antibody solution was 

transferred into a new Falcon tube and stored at -20 ÁC. The membrane was washed four 

times with 25 mL PBST each time at 4 ÁC for 15 min on a rolling shaker. The Thermo 

ScientificTm Pierce Western Blot Signal Enhancer Kit was used for chemiluminescent 

detection. For this, 400 ÕL of solution I and solution II were mixed just before adding to the 

PVDF membrane (protein site facing upwards). The membrane was tilted to each side to 
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evenly distribute the solution. Chemiluminescence was detected using the Amersham 

ImageQuant 800 device with the automatic exposure setting (purified protein) or a gradual 

exposure of up to 80 s (S. meliloti cell pellet). 

Proteome analysis 

I. Preparation of proteomic samples 

For total protein extraction from S. meliloti cells, 25 mL TY containing streptomycin was 

inoculated and grown at 30 ÁC at 200 rpm to an OD600 of 0.4. Afterwards, the culture was 

pelleted at 4,000 Ĭ g for 10 min and the cell pellet was washed once with 10 mL sterile 0.9 

% NaCl solution. Subsequently, the cells were pelleted as before and the washed pellets 

were resolubilized in 50 mL VMM containing streptomycin and supplemented with either 

300 ÕM iP or EtOH as a control (same volume as needed for iP). The main cultures were 

incubated at 30 ÁC for 24 h at 200 rpm. After incubation, samples of OD600 of 1 (e.g. 2 mL 

at OD600 of 0.5 and 1 mL at OD600 of 1) were pelleted at 10,000 Ĭ g at RT for 10 min and the 

supernatant was discarded. Pellets were flash frozen with liquid nitrogen and stored at -80 

ÁC until further processing. Cultures were prepared in parallel in triplicates. 

For lysis, cell pellets were resolubilized in 150 ÕL H2O and approx. 70 mg of 0.1 mm glass 

beads were added. The solution was homogenized using the PrecellysÈ 24 homogenizer at 

6,500 Ĭ g (3x 60 s + 15 s pause intervals). Afterwards, 150 ÕL proteome lysis buffer was 

added and the mixture was incubated for 15 min at 90 ÁC. The samples were clarified at 

20,000 Ĭ g for 5 min and the supernatant was transferred to a clean reaction tube. The 

protein content was determined via the PierceTm BCA Protein Assay Kit according to the 

manufacturerôs manual. Prior to mass spectrometry analysis, samples were adjusted to a 

total protein mass of 50 Õg. 

II. Mass spectrometry-based proteome analysis 

The following steps were performed by Dr. Timo Glatter and Jºrg Kahnt at the Max Planck 

Institute for Terrestrial Microbiology. Proteins were reduced with 5 mM Tris(2-carboxyethyl) 

phosphine at 90ÁC for 15 min and alkylated using 10 mM iodoacetamide at 20ÁC for 30 min 

in the dark. Dried proteins were reconstituted in 0.2 % SLS under heat exposure at 90ÁC 

for 10 min. For tryptic digestion all protein material was digested with 1 ɛg of trypsin at 30ÁC 

overnight. After digestion, SLS was precipitated by adding a final concentration of 1.5% 

trifluoroacetic acid (TFA). Peptides were desalted by using C18 solid phase extraction 

cartridges. Cartridges were prepared by adding acetonitrile (ACN), followed by equilibration 

with 0.1% TFA. Peptides were loaded on equilibrated cartridges, washed with 5% ACN and 

0.1% TFA containing buffer and finally eluted with 50% ACN and 0.1% TFA. Peptides were 

dried and reconstituted in 0.1% TFA and then analyzed using liquid- chromatography-mass 

spectrometry carried out on an Exploris 480 instrument connected to an Ultimate 3000 

RSLC nano and a nanospray flex ion source. Peptide separation was performed on a 
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reverse phase HPLC column (75 ɛm x 42 cm) packed in-house with C18 resin (2.4 ɛm; Dr. 

Maisch). The following separating gradients were used: 94% solvent A (0.15% formic acid) 

and 6% solvent B (99.85% acetonitrile, 0.15% formic acid) to 25% solvent B over 40 minutes 

at a flow rate of 300 nl/min, and an additional increase of solvent B to 35% for 20 min. MS 

raw data was acquired in data independent acquisition mode with a method adopted from 

Bekker-Jensen et al.(291). In short, Spray voltage was set to 2.3 kV, funnel RF level at 40, 

and heated capillary temperature at 275 ÁC. For DIA experiments full MS resolutions were 

set to 120.000 at m/z 200 and full MS, AGC (Automatic Gain Control) target was 300% with 

a max. injection time of 50 ms. Mass range was set to 350ï1400. AGC target value for 

fragment spectra was set at 3000%. 45 windows of 14 Da were used with an overlap of 1 

Da. Resolution was set to 15,000 and max. injection time to 22 ms. Stepped HCD collision 

energy of 25, 27.5, 30 % was used. MS1 data was acquired in profile, MS2 DIA data in 

centroid mode. 

Analysis of DIA data was performed using DIA-NN version 1.8 using a UniProt protein 

database from S. meliloti 1021(292,293). Full tryptic digest was allowed with two missed 

cleavage sites, and oxidized methionineôs and carbamidomethylated cysteine. Match 

between runs and remove likely interferences were enabled. The neural network classifier 

was set to the single-pass mode, and protein inference was based on genes. Quantification 

strategy was set to any LC (high accuracy). Cross-run normalization was set to RT-

dependent. Library generation was set to smart profiling. DIA-NN outputs were further 

evaluated using the SafeQuant and script modified to process DIA-NN outputs(294,295). The 

SafeQuant script was executed on the ñreport.tsvò file from DIA-NN analysis to sum 

precursor intensities to represent protein intensities. The peptide-to-protein assignment was 

done in SafeQuant with redundant peptide assignment following the Occam Ӣs razor 

approach. Sum protein intensity normalization was performed followed by imputation of 

missing values using a normal distribution function. Imputed log2 quantities were further 

normalized by subtracting the median of each column and the following two-sample test 

(Students t-test) was used as a basis for volcano plots. Data analysis was performed using 

Perseus V1.6.15.0(267). 

2.2.2.3 - Endometabolite analysis 

Preparation of endometabolite samples 

From a 15 mL TY pre-culture, 50 mL VMM containing streptomycin and supplemented with 

either 300 ÕM iP or EtOH as a negative control, were inoculated with the S. meliloti Rm2011 

WT or æcyaB strain to an OD600 of 0.2. After 24 h of growth at 30 ÁC at 200 rpm, 5 mL of the 

culture were mixed with 5 mL quenching solution (70 % MeOH, -80 ÁC), distributed in 2 mL 

reaction tubes and pelleted at 13,000 Ĭ g and -10 ÁC for 10 min. The pellets were stored at 
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-80 ÁC until further use. For the experiment, the cultures were prepared in parallel in 

technical triplicates of each strain. 

For metabolite extraction, pellets were resolubilized in 200 ÕL of metabolite extraction buffer 

(stored for 24 h at -20 ÁC) and subsequently the same amount of chloroform was added 

(stored for 24 h at -20 ÁC). The mixture was incubated for 2 h at 4 ÁC and shaking at 1,000 

rpm. The organic and aqueous phase were separated via centrifugation at 20,000 Ĭ g at -

10 ÁC for 10 min and the upper phase was filtered into a new reaction tube using a 

hydrophobic PTFE filter (0.2 Õm pore size, 4 mm diameter) and stored at -80 ÁC until 

analysis. 

HPLC-based endometabolite detection 

Qualitative determination of metabolites was performed using a HPLC by Dr. Nicole Paczia 

at the Max Planck Institute for Terrestrial Microbiology. The chromatographic separation was 

performed on an Agilent Infinity II 1290 HPLC system using a SeQuant ZIC-pHILIC column 

(150 Ĭ 2.1 mm, 5 ɛm particle size, peek coated) connected to a guard column of similar 

specificity (20 Ĭ 2.1 mm, 5 ɛm particle size). A constant flow rate of 0.1 mL/ min was applied 

at 40 ÁC using mobile phase A (10 mM ammonium acetate in H2O, pH 9, supplemented with 

medronic acid to a final concentration of 5 ÕM) and mobile phase B (10 mM ammonium 

acetate in 90:10 acetonitrile to H2O, pH 9, supplemented with medronic acid to a final 

concentration of 5 ÕM). The injection volume was 2 ÕL. The mobile phase profile consisted 

of the following steps and linear gradients: 0 ï 1 min constant at 75 % B; 1 ï 6 min from 75 

to 40 % B; 6 to 9 min constant at 40 % B; 9 ï 9.1 min from 40 to 75 % B; 9.1 to 20 min 

constant at 75 % B. An Agilent 6495 ion funnel mass spectrometer was used in negative 

and positive ionization mode with an electrospray ionization source and the following 

conditions: ESI spray voltage 3500 V, nozzle voltage 1000 V, sheath gas 300Á C at 9 L/min, 

nebulizer pressure 20 psig and drying gas 100Á C at 11 L/min. Compounds were identified 

based on their mass transition and retention time compared to standards. Chromatograms 

were integrated using MassHunter software. Relative metabolite abundance was 

determined based on signal intensity. Counts per second (CPS) value was calculated by 

dividing the relative metabolite signal intensity by the OD600 value. 

Mass transitions, collision energies, Cell accelerator voltages, and Dwell times have been 

optimized using chemically pure standards.  

Table 26: Metabolite characteristics 

Name 
Precursor 
Ion 

Product 
Ion 

Collision 
energy 
[V] 

Fragmentor 
Voltage [V] 

Cell 
Accelerator 
Voltage [V] 

Dwell 
time 
[ms] 

Polarity 

AMP 346 
96.9 
78.9 

24 
30 

380 5 65 Negative 

ADP 425.9 
327.8 
133.9 

17 
22 

380 5 65 Negative 
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ATP 505.9 
407.9 
158.8 

21 
28 

380 5 65 Negative 

c-AMP 328 
134.1 
79 

25 
36 

380 5 65 Negative 

GAP/ 
DHAP 

169 
97 
79 

5 
50 

380 5 65 Negative 

DMAPP 244.9 
244.9 
79.1 

0 
31 

380 5 65 Negative 

2.2.3 - Bioinformatic methods 

2.2.3.1 - In silico DNA analysis 

DNA cloning 

In silico construct designing and analysis of sequencing results was performed using the 

software SnapGene at the most recent version at each given time. DNA sequences of the 

whole chromosome, pSymA and pSymB S. meliloti were downloaded from the NCBI 

database. Additionally, further informationôs on single coding sequences, provided by KEGG 

Genome database, were considered. 

Promoter prediction 

Prediction of the putative promoter region was performed using the online tool BPROM 

provided by SoftBerry using the standard settings. 

2.2.3.2 - In silico protein analysis 

Signal peptide prediction 

Signal peptide prediction was performed using the online tool SignalP (v6.0) provided by 

the Department of Health Technology of the Technical University of Denmark (DTU) using 

the standard settings. 

Transmembrane domain prediction 

Prediction of transmembrane domains was performed using the online tools TMHMM (v2.0) 

provided by the Department of Health Technology of the Technical University of Denmark 

(DTU) and PHOBIUS provided by the Stockholm Bioinformatics Centre using the standard 

settings. 

Protein characteristics prediction 

To predict the physical and chemical parameters of a protein the online tool ProtParam 

provided by the Swiss Institute of Bioinformatics (SIB, Expasy) was used. 

Phylogenetic analysis 

To assess the phylogenetic relationship of CyaB orthologs, a BLASTP search within the 

KEGG Genome database was performed using the BLOSUM62 matrix and E-value 

threshold of 1e-40. Sequences (cutoff 280 bits) were selected and filtered for unique species 

(different strains were considered as one species, best hit of each species was chosen for 
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analysis). The phylogenetic tree was generated via the NGPhylogeny online tool 

(https://ngphylogeny.fr/) using the default parameters (ñOne Clickò). The resulting 

phylogenetic tree (Newick format) was uploaded to iTOL for optical readjustments 

(https://itol.embl.de/). 

AlphaFold3 protein structure prediction 

Protein structure prediction was performed using the web based AlphaFold3 online tool 

provided by Google DeepMind. For prediction of AC/GCs structures, the proteins were 

predicted as a homodimer bound to two molecules of ATP and two molecules of Mg2+. Clr 

and Dxs were predicted as a homodimer. 

2.2.3.3 - Statistical proteomics and CoIP data analysis 

Perseus 

Analysis of proteomic and CoIP data was performed using the Perseus V1.6.15.0(267) 

software. Typically, the data was converted from an Excel file format (xls. or xlsx.) to a txt. 

(tab-delimited) file format. Additionally, the German decimal separator [ , ] was exchanged 

with the English decimal separator [ . ] if necessary. Next, the data was loaded into the 

software, and different values and informationôs were assigned to different categories as 

follows: descriptive information (e.g. gene/ protein name or protein description) were 

assigned to ñtextò; numerical information (e.g. protein size (aa) or peptide count) were 

assigned to ñnumericò; the to be analyzed numeric values (e.g. score) was assigned to the 

ñmainò category. If necessary, the different matrixes were merged into one matrix using the 

ñMatching rows by nameò command. Next, the replicates were grouped using the 

ñCategorical annotation rowsò command. Afterwards, the ñmainò values were normalized via 

subtracting the median of a column from each single value of the respective column. Next, 

the normalized values were transformed using the formula log2(x) to attain logarithmic 

values. Prior to performing a Two-sample test (Studentôs T-test), missing values were 

imputed via the ñReplace missing values from normal distributionò command. The command 

was performed with the standard ñWidthò and ñDown shiftò settings of 0.3 and 1.8, 

respectively. The ñDown shiftò determines how low the artificial values are based on the 

standard deviation (SD) of the actual values (value of 1.8 means imputed values are 1.8-

times the SD below the average of the actual values). The ñWidthò determines the 

distribution of randomly generated numbers in relation to the SD (value of 0.5 means the 

generated values are in the range of half the SD of the actual values). In sum, the ñDown 

shiftò shifts the imputed values down on the X-axis (1.8*SD below the average), whereas 

the ñWidthò determines the width of the gaussian distribution of the imputed values (0.3*SD). 

The values were imputed separately for each column. After statistical analysis using the 

Studentôs T-test (ñTwo-sample testò command, standard parameters, two-sided and 

https://ngphylogeny.fr/
https://itol.embl.de/
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unpaired), the calculated p-value (-log, Y-axis) and log2 fold change (X-axis) were plotted in 

a scatter plot. 
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3 - Results 

The majority of the following results are part of the publication: Schªfer, N. M., Krol, E., 

Paczia, N., Farmani, N. and Becker, A. (2026) CHASE-independent cytokinin perception 

triggers 3ô,5ô-cAMP signaling in Sinorhizobium meliloti, J Bacteriol., 0:e00585-25. DOI: 

10.1128/jb.00585-25 

3.1 - Discovery of CK induced Clr-target promoter activation 

Of the 28 class III AC/GCs of S. meliloti only few have been subject to detailed research. 

Redox state dependent activation of CyaC(170,263) as well as plant RPuL2 induced catalytic 

activity of the CHASE2 domain containing CyaD1, CyaD2 and CyaK was described in the 

recent years(230,231). The latter response was shown to play a role in symbiosis, resulting in 

reduction of secondary root hair infections (AOI)(230,231,233).  

In the framework of this thesis, I hypothesized, whether S. meliloti Rm2011 is capable of 

responding to more than one plant originated molecule triggering a cAMP-response. 

Compounds of the CK phytohormone group were chosen as potential inducers due to their 

significant impact on nodule development(76). 

To test, whether S. meliloti Rm2011 is responding to exogenous CK application in a Clr-

cAMP dependent manner, the previously described Clr-target promoter activity assay 

utilizing the Clr-target promoter sequence from the gene smc02178, encoding a protein of 

unknown function(199), was chosen. The Psmc02178 promoter is bound by Clr, a CRP-like 

transcriptional activator, upon binding of either nucleotide second messenger cAMP or 

cGMP(200). The promoter sequence is placed upstream of an eGFP coding sequence on the 

mid-copy plasmid pSRKKm and is introduced into the Rm2011 wildtype (WT) via 

conjugation. Rm2011 transconjugants, harboring the pSRKKm-eGFP construct served as 

a control for background subtraction (Fig. 12a). 

To test a potential CK dependent cAMP signal response, four different CK compounds were 

chosen. The first two compounds, N6-(æ2-isopentenyl)-adenine (iP) and trans-Zeatin (tZ), 

are two naturally occurring CK compounds with an isopentenyl side chain situated at the 

N6-moiety of the adenine ring. These two compounds only differ in a hydroxylation of the 

isopentenyl side chain (tZ). The other two CK compounds, chosen for signal response 

screening, were the synthetic compounds kinetin and 6-benzylaminopurine (6-BAP), 

possessing a furfuryl and benzyl instead of an isopentenyl side chain at the N6-moiety. The 

four CK compounds were chosen based on the following rational. First and foremost, all of 

these CK compounds have already been shown to reliably trigger CK signaling responses 

in plants and thus were frequently used in various experimental setups(100,296). Additionally, 

by the choice of these CK compounds, both groups of known CK-sidechains (isoprenoid, 

aromatic) were covered and represented by two different compounds(297). Further, indole-3-
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acetic acid (IAA) of the auxin phytohormone class was tested (Fig. 12b). Auxins are 

generally known for their antagonistic role to CKs in plant development(298). 

 

Fig. 12: Schematic overview of the Clr-target promoter activity assay. 
a) Schematic overview of the Clr-target promoter activity assay. An external or internal trigger, e.g. a CK 
compound, triggers the catalytic activity of an AC/GC, leading to cAMP synthesis. The CRP-like transcriptional 
regulator Clr binds cAMP and switches to an active conformation. In the active conformation, Clr-cAMP is 
capable of binding the target promoter Psmc02178. The pSRKKm-Psmc02178-eGFP reporter construct carries the 
Psmc02178 promoter sequence and downstream and in frame the eGFP coding sequence. Binding of Clr-cAMP to 
the Psmc02178 promoter sequence located on the pSRKKm-Psmc02178-eGFP reporter construct leads to 
transcriptional activation of the eGFP gene and consequently to eGFP protein production. The presence of the 
eGFP protein can be observed via excitation at 488 nm and detection of the emission at 522 nm. In contrast, 
cells containing the pSRKKm-eGFP construct do not produce eGFP in a Clr-cAMP dependent manner. Hence, 
cells containing the pSRKKm-eGFP construct serve as a control for background fluorescence subtraction in the 
frame of this experimental setup. b) Overview of the tested hormone compounds. Chosen were four compounds 
of the CK hormone group and one compound of the antagonistic auxin hormone group. The CK compounds are 
adenine derivatives with alternating side chains. Considered were two naturally occurring CKs with an 
isopentenyl side chain (iP and tZ) and two synthetical CKs possessing a furfuryl (kinetin) and benzyl (6-BAP) 
side chain. The auxin compound IAA has an indole base with an acetic acid side chain. 
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The eGFP fluorescence was determined upon exogenous application of 300 ÕM of the 

above-mentioned compounds and were compared to increasing concentrations of 

exogenously applied cAMP. The CK compounds iP, kinetin and 6-BAP induced a very clear 

Clr-dependent transcriptional activation of the Clr-target promoter Psmc02178, leading to a 

roughly 22-, six-, and seven-fold change in eGFP fluorescence compared to the solvent 

control. These induction rates are comparable to Clr-cAMP dependent promoter activation 

by exogenous application of 200 ÕM, 50 ÕM and 100 ÕM cAMP, respectively (Fig. 13). 

Interestingly, tZ, even though it is structurally highly similar to iP, only induced a roughly two-

fold change compared to the solvent control. No response to IAA was detected (Fig. 13). 

Moreover, the iP-induced cAMP response is only visible in the defined Vincent or MOPS 

minimal media. No changes in eGFP fluorescence could be detected between solvent or iP 

supplemented cultures when grown in the complex media TY (Fig. S1, upper panel). Use 

of EtOH or DMSO as the solvent for iP does not show any effect on the iP-response (Fig. 

S1, upper panel). 

 

Fig. 13: S. meliloti Rm2011 is able to respond to exogenous application of CKs via Clr-target promoter 
activation. 
Measurement of eGFP fluorescence mediated by the mid-copy pSRKKm-Psmc02178-eGFP reporter construct in 
the Rm2011 WT strain. Clr-dependent promoter activation was tested upon exogenous application of two 
naturally occurring CKs with an isopentenyl side chain (iP and tZ), two synthetic CKs with a furfuryl and a benzyl 
side chain (kinetin and 6-BAP) and the auxin plant hormone IAA. Titration of exogenously applied cAMP served 
as a positive control and application of the solvent (DMSO) served as a negative control. Measurements were 
conducted 24 h after cultivation in Vincent minimal media. Bars represent the mean of three single values 
(shown as diamonds) from biological triplicates after background subtraction (mean value of biological triplicates 
of Rm2011 harboring the pSRKKm-eGFP construct and grown in the respective condition). Error bars represent 
the standard deviation. 

Since the promoter Psmc02178 is a target promoter of the CRP-like transcriptional activator 

Clr, I deduced that the monitored CK-dependent increase of eGFP fluorescence in Rm2011 

strains harboring the pSRKKm-Psmc02178-eGFP construct may indicate a catalytic activation 

of one or multiple AC/GCs of S. meliloti Rm2011. Hence, I screened through a class III 

AC/GC gene deletion library established by Neda Farmani(275) to test for this hypothesis. 

This deletion library comprises single deletion strains missing only one AC/GC or group 

deletion strains missing multiple AC/GCs with similar protein compositions (e.g. 

æcyaD1D2K missing the CHASE2-domain containing AC/GCs, see Fig. 14, lower panel). 
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Additionally, the cya0 strain, devoid of all class III AC/GC coding sequences(200), served as 

a negative control. As expected, the cya0 strain did not respond to exogenously supplied iP 

in a cAMP dependent manner, due to the lack of cAMP producing class III AC/GCs. 

Surprisingly, the only CK non-responsive deletion strain was the æcyaB strain, missing only 

the cyaB coding sequence (smc00621, Fig. 14, upper panel). The CyaB protein consists of 

363 amino acids and has a size of roughly 40 kDa. Further, CyaB only possesses four N-

terminally located trans membrane helices (TMHs) and a C-terminal catalytical domain (Fig. 

14, middle panel). No further potential signaling domains are present. 

 
Fig. 14 Identification of CyaB as the CK responsive AC/GC. 
Measurement of eGFP fluorescence mediated by the mid-copy pSRKKm-Psmc02178-eGFP reporter construct after 
exogenous application of solvent (EtOH) or 300 ÕM iP. CK response screen in group and single deletion strains 
of all 28 annotated class III AC/GC as indicated as well as the AC/GC deficient strain cya0. All tested strains are 
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Rm2011 background strains. Reintroducing cyaB in the native locus via double homologous recombination 
utilizing a pK18mobsacB suicide vector restores the CK response phenotype in the æcyaB and cya0 strain. The 
common protein structure of the deleted AC/GC is shown below each strain. The table shows an overview of 
the AC/GCs in the given strain which are still present (green), missing (red) or complemented (yellow). 
Measurements were conducted 24 h after cultivation in Vincent minimal media. The cya0 strain served as a 
negative control and the complemented æcyaB::cyaB and cya0::cyaB strains served as a positive control. Bars 
represent the mean of three single values (shown as diamonds) from biological triplicates after background 
subtraction (mean value of biological triplicates of the respective strain harboring the pSRKKm-eGFP construct). 
Error bars represent the standard deviation. 

To verify CyaB as the CK responsive AC/GC, the cyaB coding sequence was reintroduced 

back into the native chromosomal locus in the æcyaB and cya0 strain background. For this 

purpose, double homologous recombination utilizing a pK18mobsacB suicide vector 

containing the cyaB gene flanked by homologous regions (500 bp each) was performed. 

Chromosomal complementation of cyaB in the two non-responsive strain backgrounds fully 

restored the CK-dependent response, verifying CyaB as the CK-responsive AC/GC (Fig. 

14). Additionally, CyaB proofed to be responsible for the response to the other CK 

compounds kinetin and 6-BAP, demonstrated by the reduced eGFP fluorescence of the 

æcyaB strain harboring the pSRKKm-Psmc02178-eGFP reporter construct (Fig. S2). 

3.2 - Characterization of the CK-CyaB response 

3.2.1 - Titration of iP 

In planta, iP concentrations of ~3 pmol/ g fresh weight in M. truncatula roots exposed to 

NFs for 3 h and ~1 pmol/ mg fresh weight in mature nodules of L. japonicus could be 

detected(95,299). To elucidate, whether the CK-CyaB response described above could be 

physiological relevant, an iP-titration experiment was performed to elucidate the minimal iP 

induction concentration triggering the CyaB-Clr dependent transcriptional activation of the 

Psmc02178 promoter located on the pSRKKm-Psmc02178-eGFP reporter construct. As expected, 

a stepwise reduction of iP concentration from 300 ÕM down to 50 ÕM resulted in decreasing 

eGFP fluorescence. Within the boundaries of this experimental setup, I was able to pinpoint 

the minimal activating concentration of iP down to 50 ÕM leading to a ~3.2-fold change 

compared to the solvent control (Fig. 15). It is noteworthy that also a stepwise response of 

the æcyaB strain to decreasing concentrations of iP was detected in the frame of this 

experiment (Fig. 15). A plausible explanation for this could be a weak response of one or 

more of the other AC/GC still present in the æcyaB strain, however this awaits further proof. 

Additionally, monitoring the growth behavior of the Rm2011 WT containing the pSRKKm-

Psmc02178-eGFP reporter construct, over the course of 25 h in the presence of increasing 

concentrations of iP (also 50 ÕM to 300 ÕM), revealed a slight stagnation in growth ~16 h 

after inoculation for cultures supplemented with at least 200 ÕM iP (Fig. S3, left panel). 

Simultaneous detection of the eGFP fluorescence revealed that cultures supplemented with 

at least 200 ÕM iP displayed an increase of eGFP fluorescence, which correlated with the 

time of visible growth stagnation (Fig. S3, right panel). 
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Fig. 15: iP titration experiment. 
Measurement of eGFP fluorescence mediated by the 
mid-copy pSRKKm-Psmc02178-eGFP reporter construct 
in the Rm2011 WT and æcyaB strain. iP-titration 
experiment with increasing concentrations reaching 
from 50 ÕM to 300 ÕM in the Rm2011 WT and æcyaB 
strain. Measurements were conducted 24 h after 
cultivation in Vincent minimal media. Cultures 
supplemented with the solvent (EtOH) served as a 
negative control. Bars represent the mean of three 
single values (shown as diamonds) from biological 

triplicates after background subtraction (mean value of biological triplicates of the respective strain harboring 
the pSRKKm-eGFP construct and grown in the respective condition). Error bars represent the standard 
deviation. 

3.2.2 - The whole population responds to exogenously applied iP 

Regulation of signal transduction pathways can be highly complex and even just be 

triggered in a fraction of the whole population (e.g. the ExpR-SinR-SinI quorum sensing 

system of S. meliloti(286,289)). Hence, it was tested whether the CyaB dependent iP response 

of S. meliloti Rm2011 is a sub- or whole population wide phenomenon. To answer this 

question, flow-cytometry experiments were performed using the pSRKKm-Psmc02178-eGFP 

reporter construct, elucidating the whole population response to exogenous application of 

iP. As expected, close to 100 % of the class III AC/GC deprived cya0 strain population did 

not respond to iP in a cAMP dependent manner. Further, without iP induction (solvent 

control), the Rm2011 WT shows no Psmc02178-mediated eGFP fluorescence. However, 24 h 

after induction with 300 ÕM iP, roughly 98 % of the Rm2011 WT cells of the population 

responded in a Psmc02178-eGFP dependent manner (Fig. 16a). 
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Fig. 16: iP dependent population response. 
a) Flow-cytometry measurements using the Rm2011 WT and the AC/GC deficient cya0 strain containing the 
pSRKKm-Psmc02178-eGFP reporter construct. Measurements were conducted 24 h after cultivation in Vincent 
minimal media. Histograms show the eGFP signal from more than 28,000 events. Measurements were 
performed in biological triplicates. Histograms of a single representative biological replicate are shown. b) 
Proteome analysis of the Rm2011 WT strain. Protein extraction was carried out 6 h and 24 h after cultivation in 
Vincent minimal media supplemented with either solvent (EtOH) or 300 ÕM iP. Mass spectrometry 
measurements were carried out by Dr. Timo Glatter at the core facility for mass spectrometry and proteomics. 
Volcano Plots show a two-sample test of the Rm2011 WT proteomes from cultures supplemented with 300 ÕM 
iP compared to proteomes from cultures supplemented with solvent (EtOH). Vertical dotted line: log2 fold change 
of protein abundance; horizontal dotted line: significance (p-value cutoff: -log(0.05) = 1.3). Green diamonds 
highlight proteins with higher abundance and red diamonds proteins with lower abundance compared to the 
solvent control (EtOH), which were previously detected in a Clr-dependent ChIP-seq analysis(200). 

Moreover, to gain a general impression of the iP-CyaB dependent physiological changes, 

proteome profiling of Rm2011 WT and æcyaB cultures grown in the presence or absence of 
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iP was performed. For this purpose, I performed a whole cell protein extraction from 

Rm2011 WT and æcyaB cultures supplemented with either solvent or 300 ÕM iP after 6 h 

and 24 h of growth. These two timepoints were chosen to monitor an iP-CyaB dependent 

short- as well as long-term adaptation of S. meliloti. Proteins were extracted from cell 

pellets. Proteins from the culture supernatant were not considered within this experimental 

setup. Further processing and mass spectrometry analysis of the proteome samples were 

performed by Dr. Timo Glatter and Jºrg Kahnt at the core facility for mass spectrometry and 

proteomics. Detected proteins with peptide intensities exceeding a log2-fold change >1 

compared to solvent exposed cultures were considered as higher abundant and vice versa 

peptide intensities of proteins with a log2-fold change <-1 were considered as lower 

abundant (thresholds indicated as dotted lines in Fig. 16b and c, see supplementary table 

S1-4). After 6 h of cultivation, seven proteins were higher and one protein was lower 

abundant in WT iP samples compared to the solvent control, which have previously been 

identified in Clr-cAMP dependent ChIP-seq analysis(200). After 24 h, only two proteins were 

higher abundant and eight were lower abundant compared to the control (Fig. 16b, c). 

Intriguingly, among the higher abundant proteins detected in the WT at both timepoints was 

the Clr regulon protein SMb20495, whose Clr-cAMP depended transcriptional activation has 

been demonstrated(199,200,260). Further, the protein ExoF3 was detected among the higher 

abundant proteins after 6 h of cultivation in the WT. The exoF3-gene cluster of S. meliloti 

was shown to be transcriptionally activated in a cAMP-dependent transcriptome analysis 

upon overproduction of the AC/GC CyaJ(199). As expected, neither ExoF3 nor SMb20495 

were higher abundant in the æcyaB samples. 

3.2.3 - Examination of the iP-CyaB response on the gene and protein level 

To test, whether the CyaB-dependent response to iP is based on transcriptional activation 

of the cyaB gene or induction of the CyaB catalytic activity, the PcyaB promoter sequence or 

the whole PcyaB-cyaB sequence were placed upstream and in frame of an eGFP gene 

located on the mid-copy pSRKKm plasmid. In the course of this PcyaB-dependent eGFP 

assay, performed in the Rm2011 WT and æcyaB strain, iP did not induce transcriptional 

activation of cyaB and henceforth it is likely that iP directly or indirectly triggers the catalytic 

activity of the CyaB protein (Fig. 17a). 
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Fig. 17: Examination of the iP-CyaB response on the gene and protein level. 
Measurement of eGFP fluorescence in the Rm2011 WT, æcyaB and AC/GC deficient cya0 strain after exogenous 
application of either solvent (EtOH) or 300 ÕM iP. a) eGFP fluorescence is mediated by the mid-copy pSRKKm-
plasmid containing the eGFP coding sequence either without a promoter, the PcyaB promoter sequence or the 
PcyaB promoter sequence with the whole cyaB gene (without STOP-codon). The latter two are placed in frame 
upstream of the eGFP coding sequence. A simplified plasmid scheme of the pSRKKm-PcyaB-eGFP and 
pSRKKm-PcyaB-cyaB-eGFP constructs is depicted on the right. b) Upper panel: eGFP fluorescence is mediated 
by the mid-copy pSRKKm-Psmc02178-eGFP reporter construct in the AC/GC deficient cya0 strain containing the 
low- to single-copy plasmid pABC-Psyn containing the PcyaB-promoter sequence and the native cyaB coding 
sequence or truncated versions as indicated. Lower panel: ɓ-galactosidase spot assay in the cya deficient E. 
coli BTH101 strain containing the broad-host range mid copy plasmid pWBT. The pWBT plasmid contains a Plac 

promoter sequence and either the native cyaB coding sequence or the truncated versions, as indicated above. 
The empty pWBT plasmid served as a negative control. Strains were grown on LB-agar plates containing 100 
ÕM IPTG and 50 mg/ L X-Gal. Protein production was achieved by IPTG induced gene expression. Right panel: 
CyaB homodimer structure. For the prediction, the Alphafold3(264) webserver (https://alphafoldserver.com/) was 
used and proteins were predicted in a homodimer bound to two Mg2+ and two ATP molecules. The dotted lines 
indicate the lipid-layers of the inner membrane. Only one of the two CyaB molecules is colored. Measurements 
of a) and b) were conducted 24 h after cultivation in Vincent minimal media. Bars represent the mean of three 
single values (shown as diamonds) from biological triplicates. Addition of the solvent (EtOH) served as a 
negative control. Moreover, for values in b) background subtraction (mean values of pSRKKm-eGFP) was 
performed. Error bars represent the standard deviation. 

CyaB possesses four TMHs (TMH I: aa 1-30, TMH II: aa 31-52, TMH III: aa 53-96, TMH IV: 

aa 97-117) followed by the catalytical CHD domain (aa 118-338) and a non-conserved and 

disordered C-terminal tail (aa 339-364, Fig. 17b right panel). To further dissect the CyaB-iP 

response, truncation experiments of CyaB were performed. For this purpose, the cyaB 

coding sequence was mutated, resulting in either stepwise deletions of the four N-terminal 

TMHs or deletion of the non-conserved disordered C-terminal end of CyaB (Fig. 17b, right 

panel). The PcyaB promoter sequence followed by the mutated gene coding sequences of 

cyaB were cloned into the low to single copy plasmid pABC-Psyn and introduced into the 

cya0 strain via conjugation. The pABC-PcyaB-cyaB complementation construct, containing 
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the WT cyaB coding sequence, served as a positive and the empty pABC-Psyn vector 

served as a negative control. pABC-Psyn is a synthetic plasmid containing a spectinomycin 

resistance cassette, an origin of transfer (RK2/ RP4 mobilization site) for conjugation and a 

ColE1 origin of replication for propagation in E. coli. For replication in S. meliloti, the plasmid 

also contains a repABC operon of the megaplasmid p42b of R. etli. The repABC operon 

encodes for the replicative system proteins RepABC, which confer replicative properties 

closely resembling the chromosome (e.g. integrated into the cell cycle, very low to single 

copy number)(300). 

As expected, complementation of the cya0 strain via ectopic production of the WT CyaB 

protein led to a clear iP-response in the frame of the Clr-dependent pSRKKm-Psmc02178-

eGFP reporter assay. Further, ectopic complementation with the mutated CyaBæC-T protein 

also rescued the iP-response phenotype (Fig. 17b). Therefore, it can be concluded that the 

non-conserved C-terminal tail of CyaB is not necessary for the iP response of CyaB. For 

the CyaB mutant proteins lacking either one, two, three or all four TMHs no catalytic activity 

upon iP addition could be detected (Fig. 17b). 

Unfortunately, verification of these results via Western Blot (utilizing a mouse Ŭ-FLAG 

antibody, 1:1000) as a proof of the presence of CyaB protein in the samples was not 

feasible. CyaB protein content within the cell appears to be very low when the gene is 

located on the pABC-Psyn plasmid (especially compared to the CyaB ortholog of A. fabrum, 

which is detectable in Western Blot analysis, see Fig. S4; discussed in 3.3.2) and therefore 

was below the detection limit within the frame of the used experimental setup. 

To compensate for the missing verification via Western Blot analysis, an AC catalytic activity 

assay in the cAMP(-) E. coli BTH101 strain was performed. Since the E. coli BTH101 strain 

is unable to produce cAMP due to a deletion of the cyaA gene(283), it is the ideal strain 

background to test catalytic activity of an AC of interest. In E. coli, lacZ (coding for the ɓ-

galactosidase enzyme) expression is under the control of the cAMP dependent 

transcriptional regulator Crp. By addition of 5-bromo-4-chloro-3-indolyl-ɓ-D-

galactopyranoside (X-Gal) to the growth media, a strong blue color indicates the presence 

of the ɓ-galactosidase enzyme and henceforth implies the presence of a catalytically active 

AC(283). The cyaB WT and æTMH I to æTMH I-IV mutant coding sequences were introduced 

to the broad-host mid-copy vector pWBT under the control of a Plac promoter. Protein 

production was induced by addition of 100 ÕM IPTG to the growth media. As expected, 

spots of E. coli BTH101 containing the pWBT empty vector did not produce a blue color 

shift due to the lack of a functional AC/GC and missing cAMP production. Accordingly, no 

ɓ-galactosidase enzyme is produced. On the other hand, spots turned blue for the strain 

containing the pWBT-cyaB plasmid. Interestingly, a clear color shift for the pWBT-cyaBæTMH 

I-II spot is visible, indicating production of a functional AC/GC and hence implies that the 
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CyaBæTMH I-II mutant remains catalytical activity. The other mutants did not show any catalytic 

activity in the frame of this experiment (Fig. 17b). Since CyaB possesses four TMHs and 

the CHD domain needs to be located in the cytoplasm for catalytic activity, the TMH traverse 

the inner membrane beginning in the cytoplasm. Therefore, deletion of only one or three 

TMHs may leads to unsuccessful incorporation of CyaB into the inner membrane, or the 

CHD facing towards the periplasm abolishing catalytic activity. Deletion of all four TMHs 

leads to a free cytoplasmic CHD domain. Catalytic inactivity of this mutant could either imply 

that it is prone to protein degradation or that CyaB needs to be membrane bound to 

successfully dimerize and become catalytically active. 

3.2.4 - CyaB produces cAMP upon exogenous iP application 

Representatives of the class III AC/GC class, as the name implies, were shown to use either 

ATP or GTP as their substrate to produce the NSMs cAMP or cGMP(301) or are able to 

produce both(302). Hence, I questioned whether CyaB shows an AC and/ or a GC catalytic 

activity in response to iP. 

Previously, Laura Werel and Neda Farmani described the structural basis of the 

bifunctionality of the Clr transcriptional regulator. This bifunctionality enables Clr binding of 

the target promoter sequence with either cAMP or cGMP bound as a ligand, the only known 

Crp-like transcriptional activator to date to possess this trait(200). Hence, generating a Clr 

mutant, which is only able to respond to one of the two nucleotide second messengers, 

either cAMP or cGMP, promises to be an elegant screening tool to answer the 

abovementioned question. 

Within the substrate binding pocket of Clr, ATP is coordinated at the N6-moiety by Thr140 

via a hydrogen bond (~3.3 ¡). However, Thr140 is not involved in coordinating cGMP, 

making it an attractive target for mutation (see Fig. S5). Hence, I introduced a point mutation 

in the clr coding sequence changing the Thr140 codon to an Ala codon, resulting in a 

ClræcAMP mutant and concomitantly introduced the clræcAMP coding sequence, together with 

the Pclr promoter sequence located upstream of the gene, into the low to single copy pABC-

Psyn plasmid. The resulting pABC-Pclr-clr
æcAMP complementation construct was introduced 

into a WT*æclr strain (WT*=æcyaB::cyaB strain; see 3.1, Fig. 14; Fig. 18b). Deletion of the 

clr gene in the WT* background was achieved by double homologous recombination using 

the suicide plasmid pK18mobsacB containing two flanking homologous regions (500 bp) of 

the clr gene. The pABC-Psyn empty vector served as a negative control. As mentioned 

above, exogenous application of 400 ÕM cAMP or cGMP to the Rm2011 WT* strain, 

containing the clr gene in its native chromosomal locus, induced a Clr-dependent 

transcriptional activation of the Psmc02178 promoter leading to a ~97- and 144-fold change 

compared to the solvent control (Fig. 18a). Catalytic activation of CyaB upon iP application 

and concomitantly produced NSM(s) led to a ~18-fold induction of the Psmc02178 promoter 
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(Fig. 18a). Consequently, the Rm2011 WT*æclr strain containing the pABC-Psyn empty 

vector did not show a transcriptional activation of the Clr-target promoter Psmc02178 after 

exogenous application of either cAMP, cGMP or iP. Upon ectopic complementation of the 

Rm2011 WT*æclr strain via the pABC-Pclr-clr
æcAMP construct, a strong transcriptional 

activation of the Psmc02178 promoter can be detected when 400 ÕM cGMP is applied (Fig. 

18a). Strikingly, application of cAMP does not lead to a transcriptional activation of the 

Psmc02178 promoter, proofing that the ClræcAMP mutant is indeed cAMP insensitive (Fig. 18a). 

Further, iP application, as cAMP application, did not lead to a transcriptional activation of 

the Clr-target promoter (Fig. 18a). Henceforth, this implies that CyaB, in the frame of the iP 

response, is producing cAMP and not cGMP. Differences in the cGMP response of the 

ClræcAMP mutant variant to Clr produced in the WT* background likely is due to the ectopic 

complementation of clræcAMP in the WT*æclr strain from the low to single copy plasmid pABC-

Psyn compared to a chromosomal expression of clr in the WT* strain (native locus, Fig. 

18b). 

 

Fig. 18: CyaB likely shows AC and not GC activity upon iP induction. 
a) Measurement of eGFP fluorescence mediated by the mid-copy pSRKKm-Psmc02178-eGFP reporter construct 
after exogenous application of either solvent (EtOH), 300 ÕM iP, 400 ÕM cAMP or 400 ÕM cGMP. The 
reconstituted WT* strain (æcyaB::cyaB) contains, besides the reporter construct, the empty low to single copy 
pABC-Psyn plasmid. The native clr coding sequence is located on the chromosome at its native locus. The WT* 
æclr strain contains, besides the reporter construct, either the empty pABC-Psyn plasmid (serving as a negative 
control) or the pABC-Pclr-clræcAMP as indicated. The cAMP insensitive Clr mutant (ClræcAMP) protein was achieved 
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by a point mutation in the clr coding sequence changing the Thr140 codon to an Ala codon. Measurements were 
conducted 24 h after cultivation in Vincent minimal media. Bars represent the mean of three single values 
(shown as diamonds) from biological triplicates after background subtraction (mean value of biological triplicates 
of the respective strain harboring the pSRKKm-eGFP construct and grown in the respective condition). Error 
bars represent the standard deviation. b) Simplified schematic of the experimental setup. Upon exogenous 
application of iP, CyaB activity is triggered and it either produces cAMP, cGMP or both. The ClrWT protein dimer 
is able to transcriptionally activate its target promoters like the Psmc02178 promoter utilizing both cAMP and cGMP. 
The ClræcAMP protein dimer only utilizes cGMP. 

To further proof that CyaB indeed has an AC catalytic activity in response to iP, the 

metabolites AMP, ADP, ATP and 3ô,5ô-cAMP of the purine synthesis pathway were analyzed. 

In S. meliloti, the conversion of the cAMP precursor AMP to ADP is catalyzed by the 

adenylate kinase Adk (smc01288) and conversion of ADP to ATP by the nucleoside-

diphosphate kinase Ndk (smc00595, Fig. 19). 

To get an impression of the long- and short-term adjustments of S. meliloti to iP, I have 

extracted those metabolites from Rm2011 WT and æcyaB cultures grown for 6 h and 24 h 

in the presence or absence of iP. Targeted qualitative determination of the extracted 

metabolites via LC-MS/ MS was performed by Dr. Nicole Paczia at the core facility of 

metabolomics and small-molecule mass spectrometry. After 6 h of cultivation, a significant 

2.2-fold increase of intracellular AMP extracted from Rm2011 WT cultures supplemented 

with 300 ÕM iP, compared to cultures supplemented with solvent as a control, was detected. 

On the other hand, no significant changes of intracellular AMP extracted from æcyaB 

cultures was detected (Fig. 19, upper left panel). No significant changes for ADP and ATP 

could be detected in both Rm2011 and æcyaB strain after 6 h of growth (Fig. 19, upper right 

and lower right panel). Interestingly, although a significant 1.6-fold increase of intracellular 

cAMP could be detected in Rm2011 iP-samples compared to solvent-samples, also a 1.4-

fold increase of cAMP in æcyaB iP-samples was evident (Fig. 19, lower left panel). Even 

though the increase of intracellular cAMP in the æcyaB strain is insignificant compared to 

the solvent control, the concentrations of intracellular cAMP detected in the Rm2011 WT 

and æcyaB samples 6 h after cultivation are nearly the same. A possible explanation for this 

could be that the CyaB catalytic activity is either triggered and/ or noticeable after 6 h of 

exposure to iP and that maybe one or more of the remaining 27 class III AC/GC is 

responsible for a short-term response to iP. 

After 24 h of cultivation, only small but significant changes for the metabolites AMP and ADP 

extracted from Rm2011 WT and æcyaB cultures supplemented with iP compared to cultures 

supplemented with solvent could be detected (Fig. 19, upper panels). Additionally, a 

significant ~30 % reduction of intracellular ATP in the Rm2011 WT strain upon iP exposure 

was detected, whereas only a small and non-significant change in the æcyaB mutant strain 

was observed (Fig. 19, lower right panel). 

Consequently, a significant nearly two-fold increase of intracellular cAMP could be detected 

in Rm2011 WT samples extracted from cultures supplement with 300 ÕM iP compared to 

samples extracted from cultures supplemented with solvent. Further, no significant changes 
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of intracellular cAMP could be detected for the æcyaB mutant samples (Fig. 19, lower left 

panel). In conclusion, the ClræcAMP mutant screen and endometabolite analysis of purine 

compounds indicate that catalytic activity of CyaB upon iP induction may lead to an AC 

activity and the production of cAMP. 

 

Fig. 19: Short- and long-term impact of iP application on the cAMP metabolite pathway. 
HPLC measurements of intracellular AMP, ADP, ATP and 3ô,5ô-cAMP metabolites. Extraction of metabolites from 
the Rm2011 WT and the æcyaB strain was performed 6 h and 24 h after cultivation in Vincent minimal media 
supplemented with either solvent (EtOH) or 300 ÕM iP. Extracted metabolites were measured by Dr. Nicole 
Paczia at the core facility of metabolomics and small-molecule mass spectrometry. The molecule structure of 
AMP, ADP, ATP and 3ô,5ô-cAMP are depicted above the given graph. Additionally, a simplified scheme of AMP 
conversion to ADP by Adk (adenylate kinase, SMc01288), consecutive conversion from ADP to ATP via Ndk 
(nucleoside-diphosphate kinase, SMc00595) and finally synthesis of 3ô,5ô-cAMP by a class III AC/GC (e.g. CyaB, 
SMc00621) is shown. Bars represent the mean of three single values (shown as diamonds) from technical 
triplicates. Error bars represent the standard deviation. Asterisks indicate Studentôs t-test significant changes of 
P<0.05 (*) and P<0.005 (**), n.s.: not significant. 

3.2.5 - CyaB independent iP response 

In the previous chapters, I described the discovery of a CyaB dependent response of S. 

meliloti Rm2011 to exogenously applied compounds of the CK plant hormone class and 
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dissected this response. Here, a variety of characteristics of this response were described. 

In this sub-chapter, the focus is placed on the CyaB independent response of S. meliloti 

Rm2011 to exogenously applied CK. 

To shed light on the CyaB independent response of S. meliloti Rm2011, a whole cell 

proteomics approach was chosen to identify common protein changes in the Rm2011 and 

æcyaB strain. For this purpose, I performed a whole cell protein extraction from Rm2011 WT 

and æcyaB cultures supplemented with either solvent or 300 ÕM iP after 6 h and 24 h of 

growth. Further processing and mass spectrometry analysis of the proteome samples were 

performed by Dr. Timo Glatter and Jºrg Kahnt at the core facility for mass spectrometry and 

proteomics. Since no major differences between the two timepoints were evident, only the 

24 h timepoint results are shown and described in the following. 

Detected proteins with peptide intensities exceeding a log2-fold change >1 compared to 

solvent exposed cultures were considered as higher abundant and vice versa peptide 

intensities of proteins with a log2-fold change < -1 were considered as lower abundant 

(thresholds indicated as dotted lines in Fig. 20a, see supplementary table S3-6). Upon iP 

induction, in both WT and æcyaB strain, an increased abundance of gene products of two 

gene clusters, smb20347-smb20342 and sma1718-sma1715 could be detected compared 

to the negative control (solvent, Fig. 20a). The genes sma1715 and sma1718 encode the 

adenine deaminases Ade3 and Ade4 respectively, while sma1717 encodes an adenine/ 

guanine/ hypoxanthine permease. It is noteworthy that the abundance of those proteins is 

significantly higher in the æcyaB strain compared to the WT strain (log2-fold increase of 1.8, 

1.7 and 1.3 for Ade3, Ade4 and SMa1717, respectively). The genes of the smb20347-

smb20342 gene cluster encode two putative transcriptional regulators with either a TetR-

like domain (SMb20347) or an AraC-like domain (SMb20344), a putative efflux 

transmembrane protein (SMb20346) as well as a putative AcrB-like transporter (SMb20345) 

and the putative Ŭ- and ɓ-subunit of an isoquinoline 1-oxidoreductase (SMb20343 and 

SMb20342). 

To test, whether the increased abundance of the smb20347 and ade4 gene cluster products 

is dependent on transcriptional activation of the respective genes upon iP perception, the 

Psmb20347, Psmb20346 and Psmb20345 promoter sequences of the smb20347 gene cluster and the 

Pade4 and Pade3 promoter sequences of the ade4 gene cluster were tested in a promoter 

reporter assay. For this purpose, reporter constructs utilizing the synthetic low to single copy 

plasmid pABCa containing the Psmb20347, Psmb20346 and Psmb20345 promoter sequences and the 

luxCDABE operon of Photorhabdus luminescence were constructed and introduced into the 

Rm2011 WT, æcyaB and the class III AC/GC deficient cya0 strain. The pABCa-Psmc02178-

luxCDABE reporter construct served as a reference for iP-CyaB-Clr dependent 

transcriptional activation. Exogenous application of 300 ÕM iP led to a roughly 71-fold 
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increase of transcriptional activity of the Clr-target promoter Psmc02178 compared to the 

solvent control in the Rm2011 WT strain. As expected, no transcriptional activity could be 

detected in the æcyaB and cya0 strain (Fig. 20b, left panel). Further, transcriptional activation 

of the Psmb20347 promoter upon exogenous iP application was detected in the Rm2011 WT 

strain background, leading to a roughly four-fold increase compared to the solvent control. 

This response was slightly decreased in the æcyaB strain (~two-fold increase compared to 

solvent control) and was completely lost in the cya0 strain (Fig. 20b, left panel). This could 

hint at a cAMP-dependent transcriptional activation of the Psmb20347 promoter, which is not 

completely dependent on the presence of a catalytical active CyaB. Yet, the Psmb20347 

promoter was not detected in Clr-dependent ChIP-seq experiments(200), nor identified in a 

cAMP-dependent transcriptome analysis(199). The Psmb20346 promoter only showed a weak 

response towards exogenous iP application, leading to a roughly two-fold change increase 

of transcriptional activity compared to the solvent control in the Rm2011 WT and cya0 strain 

(Fig. 20b, left panel). On the other hand, Psmb20345 transcriptional activity was eight times 

higher in the WT strain upon iP application, while it still was roughly three times higher in 

the æcyaB and cya0 strain background compared to the respective solvent controls (Fig. 

20b, left panel). The increased transcriptional activity of the Psmb20345 promoter upon iP 

application is in line with the highest iP-dependent increase in protein abundance of 

SMb20345 in the Rm2011 WT and æcyaB strain (although not significant) from the 

smb20347 gene cluster proteins (Fig. 20a). 

While the gene smb20347 encodes a potential TetR-like transcriptional activator protein, 

the genes smb20346 and smb20345 encode a putative efflux transmembrane protein 

(SMb20346) and a putative acriflavine family protein (SMb20345). Further, SMb20346 

contains an RND (for resistance, nodulation, cell division) efflux pump/ membrane fusion 

protein domain, while SMb20345 possesses a potential TolC docking domain. Together, 

SMb20346, SMb20345 and TolC could potentially be involved in iP in- or export. To test this 

hypothesis, single deletion mutants of the respective smb20347 and smb20345 genes were 

generated via double homologous recombination utilizing the suicide vector pK18mobsacB 

containing flanking homologous regions (500 bp) of either the smb20347 or smb20345 

gene. An influence on the CyaB-dependent iP response, tested via the pSRKKm-Psmc02178-

eGFP reporter assay, was not detected for either æsmb20347 or æsmb20345 mutant (Fig. 

20b, right panel). Since Psmb20346 did not respond to exogenous iP application, a smb20346 

deletion mutant was not generated. 

To test the transcriptional activity of Pade4 and Pade3, reporter constructs utilizing the mid copy 

plasmid pSRKKm containing the Pade4 or Pade3 promoter sequence and the eGFP coding 

sequence, were constructed. However, no transcriptional activation of either the Pade4 or 

Pade3 promoter were detectable upon exogenous application of 300 ÕM iP (Fig. 20c). An 
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explanation for the increased protein abundance of the Ade4 and Ade3 proteins could be 

for example an increased stability of the proteins upon iP application. Deletion of the genes 

encoding either Ade4, Ade3 or the putative permease SMa1717 was not affecting the CyaB-

Clr dependent iP response (see chapter 3.4.2, Fig. 24b). 

 

Fig. 20: CyaB independent iP response of S. meliloti. 
Putative acriflavine, isoquinoline 1-oxidoreductase and adenine deaminases are highly abundant upon iP 
induction, independent of CyaB. a) Proteome analysis of Rm2011 WT and æcyaB strain. Protein extraction was 
carried out 24 h after cultivation in Vincent minimal media supplemented with either solvent (EtOH) or 300 ÕM 
iP. Mass spectrometry measurements were carried out by Dr. Timo Glatter at the core facility for mass 
spectrometry and proteomics. Volcano Plots show a two-sample test of Rm2011 WT and æcyaB proteomes from 
cultures supplemented with 300 ÕM iP compared to proteomes from cultures supplemented with solvent (EtOH). 
Vertical dotted line: log2 fold change of protein abundance; horizontal dotted line: significance (p-value cutoff: -
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log(0.05) = 1.3). Green diamonds mark proteins of the ade4 gene cluster and orange diamonds mark proteins 
of the smb20347 gene cluster. Per strain and condition three biological replicates were analyzed. b) Left panel: 
Measurements of luminescence mediated by the low- to single-copy pABCa plasmid containing the luxCDABE-
operon and upstream either the Psmc02178, Psmb20347, Psmb20346 or Psmb20345 promoter sequence in the Rm2011 WT, 
æcyaB or class III AC/GC deficient cya0 strain. Right panel: Measurement of eGFP fluorescence mediated by 
the mid-copy pSRKKm-Psmc02178-eGFP reporter construct in the Rm2011 WT, æsmb20347 or æsmb20345 strain. 
Gene products of each gene are listed in the lower left corner. c) Measurement of eGFP fluorescence mediated 
by the mid-copy pSRKKm plasmid containing the eGFP coding sequence and either the Psmc02178, Pade4 or Pade3 
promoter sequence in the Rm2011 WT strain. A simplified scheme of the smb20347 or ade4 gene cluster is 
shown. Measurements were conducted 24 h after cultivation in Vincent minimal media supplemented with either 
solvent (EtOH) or 300 ÕM iP. Bars represent the mean of three single values (shown as diamonds) from 
biological triplicates after background subtraction (mean value of biological triplicates of the respective strain 
harboring either the pABC-Psyn empty vector or pSRKKm-eGFP construct). Cultures supplemented with the 
solvent (EtOH) served as a negative control. Error bars represent the standard deviation. Volcano Plots were 
generated using Perseus. 

3.3 - Examination of CyaB ortholog iP response 

Representatives of the family of Rhizobiaceae comprise a multitude of different lifestyles 

ranging from a free-living state, as well as pathogenic and symbiotic interactions. Due to 

the high variability of lifestyles within the Rhizobiaceae, I questioned, whether the newly 

discovered iP-CyaB response described above is limited to the plant symbiont S. meliloti 

Rm2011 or if also CyaB orthologs of other representatives of Rhizobiaceae, with different 

lifestyles, show an iP dependent response. If so, is this iP response limited to CyaB 

orthologs from species engaging a plant-symbiotic interaction like S. meliloti, a plant 

associated/ pathogenic interaction or is an ortholog from a non-plant associated organism 

capable of responding to iP? 

3.3.1 - Conservation of CyaB among close relatives of the Rhizobiaceae family 

To test the hypotheses raised above, the KEGG (for Kyoto Encyclopedia of Genes and 

Genomes) database was screened for CyaB orthologs of different representatives of 

Rhizobiaceae using the BLASTP tool. Identified proteins were considered an ortholog if they 

shared the same protein domain structure (N-terminal four transmembrane helices and C-

terminal catalytical domain, no further domain present, manual verification via AlphaFold2 

prediction database). Within the frame of this thesis, the focus was set on close relatives of 

the well-studied genera of Agrobacterium, Rhizobium, Ensifer and Sinorhizobium. Here, 9, 

27, 2, and 10 different species of the respective genera, containing at least one copy of a 

CyaB ortholog, were identified (Fig. 21a, also see Fig. S6). Based on their establishment 

as role organisms and varying lifestyles, the CyaB orthologs of the representatives A. 

fabrum C58 (formerly A. tumefaciens C58), R. johnstonii 3841 (formerly R. leguminosarum 

bv. viciae 3841) and E. adhaerens Casida A were chosen as candidates for an iP response 

assay. While R. johnstonii is also engaging in a plant symbiotic interaction like S. meliloti, 

A. fabrum is renowned for its pathogenic infection of plants leading to the crown-gall 

disease. On the other hand, E. adhaerens is not known to interact with plants in a 

pathogenic nor symbiotic way (Fig. 21b). Additionally, the orthologous proteins display a 

high protein identity of 52 %, 54 % and 71 % for CyaBA. fabrum (Atu1149, in the following 
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CyaBAf), CyaBR. johnstonii (RL1602, in the following CyaBRj) and CyaBE. adhaerens (FA04_04595, 

in the following CyaBEa) compared to CyaB from S. meliloti, respectively. 

 

Fig. 21: CyaB is conserved among close relatives of the Rhizobiaceae family. 
a) Collapsed phylogenetic tree representing the relationship of CyaB orthologs of 48 species from 4 different 
families of Rhizobiaceae compared to CyaB from S. meliloti Rm2011. b) Simplified representation of the lifestyle 
of S. meliloti and the three chosen species harboring a CyaB ortholog. 

3.3.2 - CyaB-iP response is conserved among CyaB orthologs 

To test, whether the CyaB orthologs are capable of responding to iP, the æcyaB strain was 

complemented via chromosomal integration of the respective genes cyaBAf, cyaBRj and 

cyaBEa at the native cyaB locus by double homologous recombination. For this purpose, 

integration constructs utilizing the pK18mobsacB suicide vector harboring the respective 

gene flanked by two homologous regions of the native cyaB locus were constructed. The 

chromosomally integrated orthologous genes are under the control of the PcyaB promoter of 

S. meliloti Rm2011. Clr-cAMP dependent promoter activation of Psmc02178, located on the 

pSRKKm-Psmc02178-eGFP reporter plasmid, showed a very strong response of the æcyaB 

strain producing the orthologs CyaBAf and CyaBRj, leading to an 8- and 17-fold induction, 

respectively, compared to the solvent control. The overall uninduced activity of CyaBAf and 

CyaBRj is roughly 10- and 3.5-fold higher, respectively, compared to CyaB from S. meliloti 

in the æcyaB complementation strain (Fig. 22a). The cyaBEa complemented strain displayed 

the weakest iP response with a 4-fold eGFP-fluorescence induction upon iP exposure, even 

though the CyaBEa ortholog has the highest protein identity of the here tested orthologs (71 

% identity) compared to CyaB from S. meliloti. 

After successfully showing the conservation of an iP-dependent catalytical activation of the 

here tested CyaB orthologs in the æcyaB strain background, the question arose, whether 
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the iP response is also conserved in the CyaB ortholog originating species. Since CyaB and 

orthologs are located in the inner membrane and do not possess any obvious signaling-

perception domain, except the cytoplasmic CHD domain, it is plausible that other proteins 

could be involved in the iP-response e.g. in the uptake (ABC-transporter, permeases) or 

signal perception (CHASE-domain, other signaling domains). To test, whether this potential 

iP-response repertoire is conserved among the candidates, a pABC-Psyn plasmid 

containing the Pclr promoter sequence and the clr coding sequence of S. meliloti was 

constructed. This enabled the use of the cAMP-Clr-dependent Psmc02178 promoter-reporter 

assay in a heterologous species. Due to the strong catalytical response of the CyaBAf 

ortholog upon iP application in the æcyaB strain, as well as the parasitic life style, differing 

from the symbiotic lifestyle of S. meliloti, A. fabrum promised to be an interesting candidate 

for testing the iP-response conservation. After introducing the pABC-Pclr-clr vector and the 

pSRKKm-Psmc02178-eGFP reporter plasmid in A. fabrum via conjugation, the iP-dependent 

CyaBAf-Clr-cAMP response upon increasing concentrations of exogenously applied iP was 

tested. Compared to the solvent control, exogenous application of 100 ÕM, 200 ÕM and 300 

ÕM iP led to a ~3-, ~8- and ~13-fold increased Psmc02178-mediated eGFP fluorescence in the 

A. fabrum strain background, respectively (Fig. 22b). In comparison, application of 300 ÕM 

iP to the S. meliloti Rm2011 WT containing the pSRKKm-Psmc02178-eGFP reporter construct 

led to a ~12-fold increased induction (Fig. 22b). Therefore, it can be concluded that the iP-

response repertoire (if there are more proteins involved in the iP-response other than 

CyaB), is conserved for at least one close relative within the Rhizobiaceae family, which 

displays a different lifestyle compared to the endosymbiont S. meliloti. 
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Fig. 22: iP-CyaB response is conserved among CyaB orthologs of close relatives from the Rhizobiaceae 
family. 
a) Measurement of eGFP fluorescence mediated by the pSRKKm-Psmc02178-eGFP reporter construct in the 
Rm2011 WT strain and the æcyaB background strain. The cyaB or cyaB ortholog coding sequences were 
reintroduced into the native chromosomal location of the æcyaB background strain via double homologous 
recombination utilizing the pK18mobsacB suicide plasmid. The chromosomally integrated cyaB and cyaB 
ortholog genes are under the transcriptional control of the PcyaB promoter sequence from S. meliloti Rm2011. 
Protein identity and positives (Needleman-Wunsch algorithm) of the given ortholog compared to CyaB from 
S.meliloti are shown. The non complemented æcyaB background strain served as a negative control. b) 
Measurement of eGFP fluorescence mediated by the pSRKKm-Psmc02178-eGFP reporter construct in the 
Rm2011 WT and A. fabrum WT strain. Additionally, a pABC-Psyn plasmid containing a Pclr promoter sequence 
and the clr coding sequence from S. meliloti Rm2011 was introduced in A. fabrum to achieve Psmc02178 

transcriptional activation. A simplified scheme of the experimental setup is shown on the right. Color schemes 
(red = nodule associated, green = plant associated, blue = free living) in a) and b) highlights the varying lifestyles 
of the species. Measurements were conducted after 24 h of cultivation in Vincent minimal media supplemented 
with either solvent (EtOH) or 300 ÕM iP. Bars represent the mean of three single values (shown as diamonds) 
from biological triplicates after background subtraction (mean value of biological triplicates of the respective 
strain harboring the pSRKKm-eGFP construct and grown in the respective condition). Error bars represent the 
standard deviation. Asterisks indicate Studentôs t-test significant changes of P<0.05 (*) and P<0.005 (**), 
P<0.0005 (***), n.s.: not significant. 

3.4 - Identification of a CyaB interaction partner 

In the previous chapter, I demonstrated the ability of S. meliloti Rm2011 to respond to 

exogenously applied phytohormones of the CK class in a cAMP-Clr dependent manner. 

Further, I was able to identify the responsible AC: CyaB. After dissecting different 

characteristics of the iP-CyaB response, I was able to provide examples for a functional 

conservation of this response for CyaB orthologs of close relatives of the Rhizobiaceae 

family. 
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CyaB protein structure is only composed of four N-terminal TMHs and a C-terminal 

catalytical CHD-domain, localized in the cytoplasm. No other potential sensing domains are 

annotated. In mammals, it was demonstrated that the AC9 catalytic activity can be activated 

by binding of forskolin to the catalytic domain. Yet, the AC activity is significantly increased 

by direct binding of a GTP-binding protein (GŬ) to the forskolin-bound catalytic domain of 

AC9(172). In S. meliloti, protein-protein interaction of CyaC with the TetR- like transcriptional 

regulator CycR and the Crp-like transcriptional regulator Clr was demonstrated(263). Hence, 

the following chapter is focused on identification of a potential interaction partner of CyaB, 

which could potentially be involved in the iP-CyaB response. 

3.4.1 - Examination of the cyaB gene context 

Coding sequences of interaction partners or proteins involved in the same pathway, in this 

case the iP-CyaB response, are often located in close proximity to the gene of interest. For 

example, the direct involvement of the outer membrane ɓ-barrel protein NsrA in the AOI-

pathway, could easily be detected due to the close localization of the nsrA coding sequence 

directly upstream of the cyaK gene(230). Likewise, the CyaC-CycR interaction was 

discovered due to the gene neighborhood of the cyaC and cycR coding sequences(263). 

Henceforth, it was analyzed whether proteins encoded by genes of the cyaB gene-

neighborhood are involved in the iP-CyaB response. For this purpose, single gene deletion 

strains were generated, lacking one of the three up- or three downstream genes of cyaB. 

The three upstream genes, namely rndI (encoding a ribonuclease), smc01754 (encoding a 

putative multicopper oxidase), smc01755 (encoding an MFS transporter) and the first 

downstream gene smc00620 (encoding a putative phytase-like protein) all face the same 

direction as cyaB on the chromosome. The other two downstream genes ppK and ppXI 

(encoding a polyphosphate kinase and an exopolyphosphatase, respectively) face the 

opposite direction. Deletions were carried out via homologous recombination utilizing the 

pK18mobsacB suicide vector containing two flanking homologous regions for successful 

deletion of the respective gene, leaving the intergenic space intact. 

The eGFP fluorescence, mediated by the mid-copy pSRKKm-Psmc02178-eGFP reporter 

plasmid, was detected in all generated deletion strains upon exogenous iP addition to the 

growth media. However, no severe differences in the iP induced eGFP fluorescence could 

be detected for the single deletion strains compared to the WT strain (Fig. 23a). Only 

deletion of the gene smc01754 led to an approx. two-fold decrease of eGFP fluorescence 

mediated by the pSRKKm-Psmc02178-eGFP reporter construct (Fig. 23a). Moreover, since 

PPK and PPXI as well as the putative phytase SMc00620 are involved in phosphate 

metabolism, a potential influence of varying phosphate concentrations supplemented to the 

growth media was tested. However, no effect of varying phosphate concentrations on the 

iP-CyaB response could be detected (Fig. S1, lower panel). 



3 Results 

129 

Next, to get an impression of the influence of the surrounding genes on the transcriptional 

regulation on the cyaB gene, ectopic complementation constructs based on the pABC-Psyn 

plasmid were constructed. The pABC-Psyn plasmid either contained the cyaB gene alone 

(under the transcriptional control of its native PcyaB promoter sequence), cyaB together with 

the first downstream gene smc00620, or cyaB with up to three upstream genes, 

consecutively added to the plasmid. The latter constructs always contained the respective 

5ô gene intergenic space as a putative promoter sequence. The complementation constructs 

were introduced into the æcyaB strain via conjugation. Changes in the eGFP fluorescence 

mediated by the pSRKKm-Psmc02178-eGFP reporter construct upon application of 300 ÕM iP 

were detected. The æcyaB strain containing the pABC-Psyn empty vector served as a 

negative control and the Rm2011 WT, containing the cyaB gene in its natural chromosomal 

locus, served as a positive control. Ectopic complementation, utilizing the pABC-cyaB 

construct, revealed only a weak eGFP fluorescence in comparison to the Rm2011 WT (~23 

% of the WT response). Addition of the downstream gene smc00620 to the ectopic 

complementation construct only showed a minor effect (~30 % of the WT response). 

Interestingly, ectopic complementation using the pABC-rndI-cyaB construct, harboring the 

cyaB gene and the first upstream gene rndI (smc00622), resulted in a stronger response 

compared to the pABC-cyaB and pABC-cyaB-smc00620 constructs, restoring approx. 60 

% of the WT response, respectively. Stepwise addition of the two upstream genes 

smc01754 and smc01755 only had minor additional effects (Fig. 23b).  

Based on these results, I analyzed the transcription start sites of the cyaB gene surrounding 

using the published transcription start site data of S. meliloti 1021 from Schl¿ter and 

colleagues(303). Here, no transcription start site in the upstream region of cyaB was detected. 

However, promoter prediction using the BPROM algorithm from Softberry predicts a 

putative promoter sequence approx. 30 bp upstream of cyaB (-35 box TTGCTC and -10 

box TGATAAGAC). The absence of detectable TSS reads of cyaB and the corresponding 

upstream region in the data of Schl¿ter and colleagues could be explained by either 

unsuitable growth conditions for proper cyaB gene expression and/ or a very low promoter 

strength of the putative PcyaB promoter in general. This could potentially result in low levels 

of cyaB transcripts below the detection limit of the method used in the study. A dominant 

transcription start site is located upstream of the rndI gene. Since both genes are located 

on the same strand, a readthrough effect is plausible, which could lead to an increased 

abundance of cyaB transcripts and henceforth to an increase of CyaB protein (Fig. 23c). 

The dominant transcription start site of the smc01755 gene and a potential read through 

effect only showed a minor effect on the ectopic cyaB complementation. 
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Fig. 23: Characterization of the genomic context of cyaB. 
a) Measurement of eGFP fluorescence mediated by the pSRKKm-Psmc02178-eGFP reporter plasmid in the 
Rm2011 WT strain and single deletion strains of cyaB and up and downstream genes. b) Measurement of eGFP 
fluorescence mediated by the pSRKKm-Psmc02178-eGFP reporter plasmid in Rm2011 WT and æcyaB 
background. Ectopic complementation in the æcyaB background strain was achieved by introducing the low- to 
single copy plasmid pABC-Psyn containing either the PcyaB promoter sequence and the coding sequence(s) of 
cyaB alone or additionally the downstream gene smc00620. Further, pABC-Psyn complementation constructs 
containing the cyaB coding sequence with up to three upstream genes and their respective promoter sequences 
(intergenic space) was tested. The pABC-Psyn empty vector served as a negative control. Measurements were 
conducted after 24 h of cultivation in Vincent minimal media supplemented with either solvent (EtOH) or 300 ÕM 
iP. Bars represent the mean of three single values (shown as diamonds) from biological triplicates after 
background subtraction (mean value of biological triplicates of the respective strain harboring the pSRKKm-
eGFP construct). Error bars represent the standard deviation. c) Transcription start site visualization of the cyaB 
genomic context of the S. meliloti 1021 WT strain(303). Red bars show the coverage of a single nucleotide position 
on the chromosome. Arrows show the given gene and its chromosomal orientation. 

3.4.2 - pSymA gene products and CHASE domain containing proteins are not 

involved in the CyaB-iP response 

Since analysis of the gene neighborhood of cyaB did not show any severe effect on the iP-

CyaB response, in the next step, the S. meliloti genome was searched for CHASE domain 
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containing proteins. In planta, the CHASE domain was extensively studied and perception 

as well as binding of CK by CHASE domain containing histidine kinases was demonstrated.  

The Rm2011 strain possesses five different CHASE domain containing proteins. Three of 

which are the AC/GCs CyaD1, CyaD2 and CyaK, which contain a CHASE2 domain. The 

involvement of these proteins in the iP-CyaB response has already been ruled out (see 

chapter 3.1, Fig. 14). The other two CHASE domain containing proteins are the two 

diguanylate cyclase/ phosphodiesterases SMc03178 and SMa0137. SMc03178 contains a 

CHASE domain, whereas SMa0137 possesses a CHASE4 domain, respectively. 

Diguanylate cyclases produce the second messenger 3ǋ,5ǋ-cyclic di-GMP, which is 

commonly known to be involved in e.g. regulation of motility or biofilm formation(304). To test, 

whether the CHASE domain containing diguanylate cyclases SMc03178 and SMa0137 are 

involved in the iP-CyaB response, the Clr-dependent transcriptional activation of the 

Psmc02178 promoter located on the pSRKKm-Psmc02178-eGFP reporter construct was tested in 

the æXVI strain. This strain misses all but one diguanylate cyclase encoding genes (16 

genes of in total 17 deleted, only smc00074 is still present, which does not contain a 

CHASE-related domain)(127). Upon iP induction, no difference in the eGFP fluorescence of 

the æXVI strain compared to the Rm2011 WT strain could be detected, henceforth ruling out 

the CHASE domain containing diguanylate cyclases as potentially involved proteins in the 

iP-CyaB response (Fig. 24a). 

Next, a broader screen for a potential CyaB interaction partner or proteins involved in the 

iP-CyaB response was performed. For this purpose, the iP-CyaB dependent response was 

tested in a æpSymA strain (RMP3498)(276). The megaplasmid pSymA is commonly known to 

harbor a variety of genes, like the nod- or nif-gene clusters, encoding proteins, which are 

essential for facilitating a symbiotic interaction with, as well as the development of mature 

nodules on Medicago roots. Therefore, a possible involvement of one or multiple pSymA 

gene products in the CyaB-dependent plant hormone response is plausible. The RMP3499 

strain (WTAB) served as a positive control. This strain originally had both megaplasmids, 

pSymA and pSymB deleted and was concomitantly complemented with both 

megaplasmids, to restore the WT genotype(276). Both RMP3498 and RMP3499 are Rm2011 

derivatives originating from the Finan laboratory. 

Intriguingly, analysis of the clr coding sequence of the æpSymA and WTAB strains revealed 

a point mutation in the Trp37 codon of the clr gene resulting in a STOP-codon (TGG to 

TGA). This premature STOP-codon resulted in an undesired clr(-) phenotype of both the 

RMP3498 and RMP3499 strains (data not shown). Hence, I repaired the clr gene in both 

strains via double homologous recombination utilizing a pK18mobsacB suicide vector 

containing the clr gene of our laboratory internal Rm2011 strain flanked by homologous 
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regions (500 bp each). This gave rise to the strains æpSymA* and WTAB* now containing a 

WT like clr coding sequence. 

To test the hypothesis, whether gene products of pSymA are involved in the iP-CyaB 

response, the iP response of the æpSymA* strain and the concomitant changes in eGFP 

fluorescence mediated by the pSRKKm-Psmc02178-eGFP reporter construct were analyzed. 

Upon iP induction, a strong eGFP signal could be detected in both the æpSymA* and 

reconstituted WTAB* strain (Fig. 24b). This implies that the entirety of pSymA encoded gene 

products is not (essentially) involved in the iP-CyaB response. Only a roughly 20 % 

decrease in signal intensity could be detected for the æpSymA* strain compared to the 

WTAB* strain. Interestingly, both the æpSymA* and WTAB* strain responded significantly 

stronger to iP application than our lab internal Rm2011 WT strain. A possible explanation 

for this could either be an increased abundance of CyaB protein or increased abundance 

of another protein involved in the iP-CyaB response, which still awaits identification. 

 

Fig. 24: pSymA gene products and CHASE-domain containing c-di-GMP cyclase proteins of S. meliloti 
Rm2011 are not involved in the iP-CyaB response. 
Measurement of eGFP fluorescence mediated by the pSRKKm-Psmc02178-eGFP reporter construct in the 
Rm2011 WT, æcyaB and (a) the æXVI strain(127) or (b) the æpSymA* (RMP3498*) and reconstituted WTAB* strain 
(æpSymAB + pSymAB; RMP3499*)(276). Simplified schematics of (a) the protein structure of the CHASE-domain 
containing diguanylate cyclase/ phosphodiesterases or (b) the genomic content of the æpSymA strain is shown 
below the respective graph. Measurements were conducted after 24 h of cultivation in Vincent minimal media 
supplemented with either solvent (EtOH, negative control) or 300 ÕM iP. Bars represent the mean of two to three 
single values (shown as diamonds) from biological triplicates after background subtraction (mean value of 
biological triplicates of the respective strain harboring the pSRKKm-eGFP construct). Error bars represent the 
standard deviation. 
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3.4.3 - CyaB and orthologs interact with the MEP pathway protein Dxs from S. 

meliloti Rm2011 

Thus far, neither single gene deletions of the genes surrounding cyaB nor deletion of the 

five CHASE-domain family containing proteins present in S. meliloti Rm2011 or the deletion 

of the whole megaplasmid pSymA showed a striking effect on the iP response. Hence, a 

co-immunoprecipitation experiment (CoIP) coupled to protein identification through mass 

spectrometry was performed to screen for potential interaction partners of CyaB. For this 

purpose, CyaB protein, C-terminally tagged with a 3x-FLAG tag, was produced from the 

mid copy vector pSRKKm under the control of the native PcyaB promoter in the æcyaB strain. 

The pSRKKm-3xFLAG construct served as a negative control. Transconjugant æcyaB 

strains carrying either the pSRKKm-3xFLAG or pSRKKm-cyaB-C3F construct were grown 

in Vincent minimal media supplemented with solvent or 300 ÕM iP for 24 h prior to protein 

purification. For purification of 3x-FLAG tagged CyaB, an anti-FLAG M2 matrix was used. 

Further processing and mass spectrometry analysis of the purified protein samples were 

performed by Dr. Uwe Linne at the core facility for mass spectrometry and element analytics. 

The highest enriched protein identified - compared to the negative control - in cultures 

exposed to the solvent (supplementary table S7) as well as to 300 ÕM iP for 24 h (Fig. 25a, 

supplementary table S8) was the cytoplasmic 1-deoxyxylulose-5-phosphate synthase Dxs. 

Dxs is an essential protein synthesizing the first reaction of D-glyceraldehyde 3-phosphate 

(GAP) and pyruvate to 1-deoxy-D-xylulose 5-phosphate (DXP)(305), a crucial precursor in 

the MEP pathway of the terpenoid backbone biosynthesis pathway as well as in the 

synthesis of vitamin B1 (thiamine) and B6 (pyridoxine)(306,307). In its active form Dxs binds 

TPP as a cofactor and forms a protein homodimer. This dimer is disbanded via binding of 

either dimethylallyl pyrophosphate (DMAPP) or isopentenyl pyrophosphate (IPP), the 

downstream products of the terpenoid backbone synthesis pathway, leading to 

monomerization, aggregation and finally to degradation of Dxs(83). Interestingly, DMAPP is 

a known precursor of the iP and tZ synthesis(308,309). 

To verify the CoIP results, the protein-protein interaction between CyaB from S. meliloti, or 

the CyaB orthologs identified and characterized above (see chapter 3.3) and Dxs from 

S.meliloti was tested in a bacterial two hybrid assay (BTH). Generally, Dxs is highly 

conserved among bacteria. Due to their close relation, the Dxs proteins of E. adhaerens 

(FA04_02550), R. johnstonii (RL0973) and A. fabrum (Atu0745) show a very high protein 

identity towards Dxs from S. meliloti with 93 %, 88 % and 83 %, respectively (according to 

Needleman-Wunsch algorithm). Hence, a potential interaction of the CyaB orthologs of the 

respective species with the Dxs from S. meliloti is likely. 

The BTH assay is based on the reconstitution of two fragments, namely T25 and T18, of a 

split adenylate cyclase, each fused to the proteins of interest. The tagged proteins of interest 
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are produced in the cAMP(-) E. coli BTH101 strain(283). If protein-protein interaction between 

the proteins of interest occurs, the T25 and T18 fragments can also interact. This results in 

T25-T18 dependent cAMP production and concomitantly to a Crp-cAMP dependent 

transcriptional activation of the lacZ gene encoding the ɓ-galactosidase enzyme. By 

addition of 5-bromo-4-chloro-3-indolyl-ɓ-D-galactopyranoside (X-Gal) to the growth media, 

a strong blue color indicates the presence of the ɓ-galactosidase enzyme and conclusively 

an interaction of the T25- and T18-tagged proteins of interest. The T25- and T18-fragment 

were fused to the C-terminus of the proteins of interest to ensure a cytoplasmic localization. 

Since this system is based on cAMP synthesis, CyaB* mutants defective in cAMP synthesis 

were generated. For this purpose, codon mutations leading to D162H, G205A and D206A 

for the CyaBs of S. meliloti, E. adhaerens and A. fabrum and D164H, G207A and D208H 

for the CyaB of R. johnstonii were introduced by site directed mutagenesis. These specific 

residues are predicted to be necessary for metal cofactor and ATP binding in the active 

center of the respective protein. 

Ectopic production of ZIP (for leucine zipper domain) of the GCN4 protein from 

Saccharomyces cerevisiae served as a negative control for detecting unspecific protein-

protein interactions of the here analyzed proteins, as well as a positive control for a strong 

self-interaction. The absence of blue staining for either of the CyaB* and ZIP control pairings 

confirms the introduced catalytic deficiency of the respective CyaB* mutant protein. 

Protein-protein self-interaction of the CyaB* mutant proteins resulted in a strong blue color 

shift, confirming the successful production of the respective proteins. Moreover, Dxs protein 

production could be validated following the same rationale. 

Monitoring the Dxs-CyaB* protein-protein interactions, a distinctive blue-staining could be 

detected for the interaction involving Dxs-T18 and CyaB*-T25, as well as for the CyaB* 

orthologs fused to the T25 fragment, confirming an interaction of Dxs and CyaB* (Fig. 25b). 

The absence of blue staining for the Dxs-T25 and CyaB*-T18 fusions might be explained 

by the lower copy-number of the pUT18 plasmid, containing the T18 fragment coding 

sequence. This indicates that a certain threshold of CyaB* protein may be necessary to 

detect this interaction in the BTH assay. 
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Fig. 25: CyaB* and CyaB* orthologs interact with the essential MEP isoprenoid backbone and thiamine 
synthesis pathway protein Dxs from S. meliloti. 
a) CoIP experiment utilizing the mid-copy pSRKKm plasmid containing the PcyaB promoter sequence and the 
cyaB coding sequence with an additional 3x-FLAG coding sequence at the 3ô-end of the gene. CyaB-C3F served 
as a bait for putative interaction partners in the æcyaB strain. A æcyaB strain containing the pSRKKm-3xFLAG 
construct (EV) served as a negative control. Protein purification was carried out 24 h after cultivation in Vincent 
minimal media supplemented with 300 ÕM iP. Eluted protein samples were analyzed by Dr. Uwe Linne at the 
core facility for mass spectrometry and element analytics. The Volcano Plot shows a two-sample test of CyaB-
C3F samples compared to an empty vector control (pSRKKm-3xFLAG). Vertical dotted line: log2 fold change of 
protein abundance; horizontal dotted line: significance (p-value cutoff: -log(0.05) = 1.3). Green diamonds mark 
the detected CyaB-C3F and Dxs proteins. b) Bacterial Two-Hybrid spot assay with catalytical inactive CyaB 
orthologs (CyaB*) and Dxs from S. meliloti. Protein producing E. coli BTH101 cells were grown on plates 
containing 500 ÕM IPTG and 100 mg/ L X-Gal. Catalytic inactivation of CyaB orthologs was achieved by point 
mutations in the coding sequences altering the codons: Asp162 to His, Gly205 to Ala and Asp206 to Ala for 
CyaB from S. meliloti, CyaBEa and CyaBAf as well as Asp164 to His, Gly207 to Ala and Asp208 to His for CyaBRj, 
respectively. The leucine zipper domain (ZIP) of GCN4 from Saccharomyces cerevisiae served as a negative 
control for unspecific protein interactions and positive control for self-interaction. Protein production was 
achieved by IPTG induced gene expression from the plasmids pKNT25 and pUT18 as indicated. Images were 
taken after growth overnight at 30 ÁC and 24 h at RT (in the dark). Experiments were performed with biological 
triplicates (a) or quadruplicates (b). An exemplary BTH spot assay is shown. 

To further validate the protein-protein interaction between CyaB and Dxs, another in vivo 

protein interaction experiment was performed. For this purpose, the microscopy-based 

approach of PopZ-linked apical recruitment (POLAR) was chosen(281). PopZ (for polar 

organizing protein Z) of Caulobacter crescentus is able to form cytoplasmic polar foci when 

the protein concentration is reaching beyond a certain threshold(290). Additionally, the homo-

oligomerization domain of PopZ, termed H3H4, consists of only 52 aa and was shown to be 

sufficient for specific and robust PopZ-binding(290). Utilizing the H3H4-peptide as a protein 

tag enables the cell pole localization of the protein of interest in E. coli.  

Throughout the POLAR protein-protein interaction assay, the H3H4-tagged protein serves 

as the bait for the potential interaction partner (prey). Further, the bait protein is tagged with 

the fluorophore sfGFP (for superfolder GFP), while the prey possesses an mScarlet-I-tag 

(mScar). This enables an elegant approach to study the interaction between both proteins 

in vivo utilizing fluorescence-based microscopy. If no protein-protein interaction occurs, the 

mScar-fluorescence will be diffused in the cell (either cytoplasm or membrane dependent 
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on the prey localization), while the bait protein forms a distinct focus at the cell pole (Fig. 

26, upper panel). On the other hand, if the mScar fluorescence intensity is significantly 

increased at the same pole where the bait foci is localized (compared to negative controls), 

this clearly indicates a protein-protein interaction between both the bait and prey proteins 

(Fig. 26, lower panel). 

 

Fig. 26: Schematic overview of the POLAR method. 
The POLAR (for PopZ-Linked Apical Recruitment) assay is a microscopy-based protein-protein interaction 
assay, designed for analysis of putative protein interactions in vivo(281). The method is based on ectopic 
production of PopZ from C. crescentus in the E. coli TB28 strain. PopZ is forming clusters at the cell poles. The 
bait protein (Dxs) is tagged with an sfGFP fluorescent tag, as well as with an H3H4 peptide (52 aa of PopZC. 

crescenctus), sufficient to recruit the PopZ-cluster. Henceforth, a sfGFP foci is formed at the cell pole. The prey 
protein (CyaB*) is tagged with an mScar fluorescent-tag. If the prey protein is not interacting with the bait, the 
mScar fluorescence will be diffused in the whole membrane circumference (upper panel). When protein-protein 
interaction occurs, the mScar fluorescent intensity will increase at the cell pole, where the bait foci is located 
(lower panel). OM: outer membrane, IM: inner membrane, PP: periplasm, CP: cytoplasm. 

The POLAR assay was performed in the E. coli TB28 strain, an E. coli MG1655 derivative 

lacking the lacIZYA coding sequences(310). Further, the E. coli TB28 strain contains a pAH69 

helper plasmid for chromosomal integration of the prey gene containing plasmid at the 

HK022 phage attachment site(281). In this experimental setup, the Dxs protein served as the 

bait and the catalytically inactive CyaB* protein of S. meliloti (see BTH section above) 

served as the prey. For construction of the bait reporter construct, the pHCL150-reporter 

plasmid was used. This reporter plasmid contains the popZ coding sequence of C. 

crescentus, which is under the transcriptional control of an arabinose inducible Para 

promoter. Downstream of the popZ gene, an sfGFP coding sequence with an incorporated 

H3H4-sequence at the 3-̀end is located. The dxs coding sequence, lacking the STOP-

codon, was introduced downstream of the popZ coding sequence and in frame upstream of 














































































































































































