
 

  

Adaptation and regulation of the alternative lifestyle 
of insect pathogenic Photorhabdus luminescens in 

the soil and its potential as biocontrol agent 
 
 
 

 

 

Dissertation 
zur Erlangung des Grades 

Doktor der Naturwissenschaften 

(Dr. rer. nat.) 

 

Am Fachbereich Biologie 

der Johannes-Gutenberg-Universität Mainz 
 

 

 

Nazzareno Dominelli  
geb. am 17.04.1994 in München 

 

Mainz, Mai 2022 

 

 
  





 II  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Berichterstatter: Univ.-Prof. Dr. Ralf Heermann 
 
 
Tag der mündlichen Prüfung:  
 
 
 





Eidesstattliche Erklärung 

 III 

Eidesstattliche Erklärung 
 
Ich versichere hiermit an Eid statt, dass die vorgelegte Dissertation von mir 

selbstständig und ohne unerlaubte Hilfe angefertigt wurde. Des Weiteren erkläre ich, 

dass ich nicht anderweitig ohne Erfolg versucht habe, eine Dissertation einzureichen 

oder mich der Doktorprüfung zu unterziehen. Die folgende Dissertation liegt weder 

ganz, noch in wesentlichen Teilen einer anderen Prüfungskommission vor. 

 

 

 

 

Mainz, den _________      ____________________ 
            Nazzareno Dominelli 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Statutory Declaration 
 
I declare that I have authored this thesis independently, that I have not used other than 

the declared sources/references. As well I declare that I have not submitted a 

dissertation without success and neither passed the oral exam. The present 

dissertation has not been presented to another examination board, neither as entire 

dissertation nor parts.  

 

 

Mainz,_________                   ____________________ 
            Nazzareno Dominelli





 IV 

Table of content 
 
Eidesstattliche Erklärung ........................................................................................... III 
Statutory Declaration ................................................................................................. III 
Table of content ......................................................................................................... IV 
Nomenclature ............................................................................................................ VI 
Abbreviations ............................................................................................................ VII 
Publications and manuscripts presented in this thesis .............................................. IX 
Contributions to publications and manuscripts presented in this thesis ..................... XI 
Summary ................................................................................................................. XIII 
Zusammenfassung .................................................................................................. XVI 
1. Introduction .......................................................................................................... 1 
1.1 The genus Photorhabdus .................................................................................... 1 

1.1.1 The lifecycle of P. luminescens ............................................................................... 2 

1.2 Bacterial phenotypic heterogeneity ..................................................................... 3 
1.3 Phenotypic heterogeneity in P. luminescens ....................................................... 5 

1.3.1 Regulation of phenotypic switching in P. luminescens .......................................... 6 

1.3.2 Different phenotypic traits of P. luminescens 1° and 2° cells ................................ 9 

1.3.3 The role of P. luminescens 2° cells ....................................................................... 10 

1.4 Quorum sensing and interkingdom signaling via LuxR-type receptors .............. 11 
1.4.1 The canonical QS communication of Gram-negative bacteria ............................ 11 

1.4.2 LuxR solos in cell-cell communication and interkingdom signaling ..................... 14 

1.4.3 LuxR solos in plant associated bacteria ................................................................ 15 

1.4.4 LuxR solos in P. luminescens ................................................................................ 16 

1.5 Scope of the dissertation ................................................................................... 17 
1.6 References of introduction ................................................................................. 19 
2. Phenotypic heterogeneity of insect pathogenic Photorhabdus luminescens - 

insights into the fate of secondary cells in the soil ............................................. 25 
3. The biocontrol agent and insect pathogen Photorhabdus luminescens 

interacts with plant roots .................................................................................... 45 
4. The insect pathogen Photorhabdus luminescens protects plants from 

phytopathogenic Fusarium graminearum via chitin degradation ....................... 63 
5. SdiA mediated interkingdom communication of Photorhabdus luminescens 

with plants and its role in biofilm formation and motility ..................................... 91 
5.1 Introduction ........................................................................................................ 92 
5.2 Material and Methods ........................................................................................ 94 
5.3 Results and Discussion ..................................................................................... 99 
5.4 References ...................................................................................................... 111 



  Table of content 

 V 
 

6. High throughput sequencing analysis reveals genomic similarity in phenotypic 
heterogeneous Photorhabdus luminescens cell population ............................. 117 

7. “Small Talk” – Die stille Kommunikation der Bakterien .................................... 133 
8. Freund oder Feind? – Die zwei Gesichter von Photorhabdus luminescens .... 145 
9. Concluding discussion ..................................................................................... 151 
9.1 The adaptation of P. luminescens 2° cells in the rhizosphere and its potential 

as biocontrol agent .......................................................................................... 152 
9.2 Photorhabdus – plant interkingdom communication ........................................ 161 
9.3 P. luminescens 1° and 2° cells - different phenotypes despite the same 

genome ........................................................................................................... 168 
9.4 Outlook ............................................................................................................ 170 
9.5 References of discussion ................................................................................ 172 
Acknowledgement .................................................................................................. 181 
Curriculum vitae ...................................................................................................... 183 
 

 



 VI 

Nomenclature 
 
Both phenotypic cell variants of Photorhabdus luminescens subsp. laumondii DJC are 

called primary and secondary cells and are termed DJC 1° or 1° cells and DJC 2° or 

2° cells. 

 

Gene deletions in DJC 1° and 2° are marked with the symbol “∆". Gene integration in 

DJC 1° and 2° are marked with “::” followed by the respective vector used.  

 

Affinity tags are stated previous promoter, gene, or protein names. For genes and 

proteins: first the tag name is stated, followed by the corresponding terminus letter and 

the gene/protein name (e.g.: 6xHis-N-SdiA) and for promoters the tag name is stated 

in square brackets prior the promoters name (e.g.: [Btn]-PsdiA).  
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Abbreviations 
 
AA     amino acid 

AHL     acyl homoserine lactone 

ALA     5-amino levulinic acid 

AQ     anthraquinone 

bp      base pairs 

Btn     biotin 

Carb     carbenicillin 

Cbp     chitin binding protein 

Chi     chitinase 

DBD     DNA binding domain 

DNA     deoxyribonucleic acid 

DNase    deoxyribonuclease 

DTT     1,4-Dithiothreitol 

gDNA     genomic DNA 

Gent     gentamycin 

6xHis     affinity tag composed of 6 histidine 

HTH     helix turn helix 

IJs     infective juveniles 

IKS     interkingdom signaling 

IPS     isopropyl stilbene 

Kan     kanamycin 

LB     lysogeny broth 

mRNA     messenger RNA 

MST     microscale thermophoresis 

nanoDSF    nano differential scanning fluorimetry 

Ni-NTA    nickel nitrilotriacetic acid 

PAGE     polyacrylamide gel electrophoresis 

Pcf     Photorhabdus clumping factor 

PCR     polymerase chain reaction 

PGBs     plant associated bacteria 

PGPRs    plant growth promoting rhizobacteria  

PpyS     photopyrone synthase 
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QQ     quorum quenching 

QS     quorum sensing 

RNA     ribonucleic acid 

Rif     rifampicin 

SBD     signal binding domain 

SRSM     switching responsible signal molecule 

Suc     sucrose 

SPR     surface plasmon resonance 

YMG     yeast malt glucose 

X-Gal     5-Brom-4-chlor-3-indoxyl-β-D-galactopyranoside 
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Summary 

 
Soil living and plant beneficial bacteria rose in importance as biocontrol agents 

in sustainable agriculture as many pests and diseases harshly reduce crop yields. 

Photorhabdus luminescens is a Gram-negative bacterium living in symbiosis with 

entomopathogenic nematodes (EPNs) and is highly pathogenic towards a wide range 

of insect larvae. The EPNs-Photorhabdus complex is already employed in agriculture 

as biocontrol agent. P. luminescens exists in two phenotypically different forms, the 

primary (1°) and the secondary (2°) cell variants, however only the 1° cells live in 

mutualistic symbiosis with EPNs. Once the nematodes invade insects and release P. 

luminescens into the hemocoel, the bacteria effectively kill the larvae. During the 

infective lifecycle up to 50% of 1° cells switch to the 2° phenotype. Since 2° cells cannot 

reassociate with EPNs they are left in soil when the insect cadaver is depleted. Both 

cell variants are believed to share identical genomes, but they differ in many 

phenotypic traits, which is referred to as phenotypic heterogeneity. However, the fate 

of 2° cells in the soil and therefore the biological reason for phenotypic heterogeneity 

is unclear. Moreover, the genetical identity of both cell variants has not been confirmed 

yet. For that purpose, this work focuses on the biological role of 2° cells in the 

rhizosphere.  

First, to understand the regulation processes that are involved in phenotypic switching 

and to obtain a first idea for the fate of 2° cells a comparative transcriptome analysis 

of P. luminescens DJC 1° cells and 2° cells was performed. First of all, it could be 

proved that the different 1° and 2° specific phenotypes are regulated at transcriptional 

level. In fact, the respective genes coding for 1°-specific features like e.g., 

pigmentation, bioluminescence, clumping factors were downregulated in 2° cells. 

Furthermore, differently expressed genes (DEGs) coding for different LuxR solos were 

identified, indicating that a yet unknown circuit of cell-cell communication could exist in 

2° cells. For example, the major regulator of quorum sensing (QS) in 1° cells, pluR, 

was downregulated in 2° cells, whereas genes encoding PAS4-LuxR-solos 

PluDJC_10415-PluDJC_10460 and two LuxR-solos with an undefined signal binding 

domain PluDJC_09555 and PluDJC_21150 were upregulated in 2° cells. This also 

points out a putative regulatory role of QS in P. luminescens phenotypic heterogeneity. 

Furthermore, DEGs involved in stress-response such as starvation related genes were 

upregulated, while genes involved in metabolism were differently modulated in 2° cells 
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indicating an adaptation to the nutrient-limited availability in the soil. Moreover, 

increased swimming and twitching motility as well as chemotaxis, which are essential 

for rhizosphere colonization, were observed for 2° cells. This supports the hypothesis 

of an alternative lifecycle of P. luminescens in the rhizosphere. Remarkably, 2° cells 

chemotactically responded to plant root exudates (PRE), showed increased biofilm 

formation, and specifically interacted with plant roots. Additionally, plant growth 

promoting ability of this cell variant could be determined. To further understand the 

adaptability of 2° cells to plant roots, a comparative transcriptome analysis was 

performed comparing 2° cells supplemented with and without PRE. Here, DEGs 

involved in e.g., biofilm formation, motility, or chitin degradation were identified to be 

upregulated in the presence of PRE. Two of the most upregulated genes were those 

encoding a putative chitin binding protein and a putative chitinase (Chi2A) suggesting 

the chitin degrading and therefore fungicidal activity of 2° cells in the soil. Indeed, 2° 

cells specifically inhibited growth of phytopathogenic Fusarium graminearum after 

physical contact. This ability was impaired in P. luminescens 2° ∆chi2A and ∆cbp 

deletion mutants. Furthermore, in planta assays using tomato plants infected with F. 

graminearum proved that 2° cells could protect the plant from infection and therefore 

promoted plant growth, which was not the case using P. luminescens 1° wildtype and 

the 2° ∆chi2A and ∆cbp deletion mutants. Moreover, effective chitin degradation was 

verified using purified Chi2A enzyme. This indicates a role of 2° cells in protecting 

plants from phytopathogens upon root colonization. 

Moreover, a SdiA-like LuxR solo was identified as an essential player in interkingdom 

signaling (IKS) communication between plants and the bacteria. SdiA could play a role 

in the first steps of root colonization as a decreased motility and increased biofilm 

formation of P. luminescens 2° ∆sidA was observed compared to wildtype 2° cells. A 

plant-derived signaling molecule is assumed to be sensed by SdiA, which could lead 

to expression of genes important for the 2° cells-plant interaction. Furthermore, 

putative binding of long and short chain N-acyl homoserine lactones (AHLs) to SdiA 

were suggested, as different folding conformations occurred upon binding. Using 

surface plasmon resonance spectroscopy a direct and high affine interaction of purified 

SdiA to its own promoter as well as to the promoter of the gene adjacent to sdiA, aidA, 

could be demonstrated. This indicated a bidirectional transcriptional regulation of the 

intergenic aidA-sdiA promoter region. Furthermore, a putative role of AidA in microbe-

host interaction and an accurate self-regulatory mechanism of SdiA could be assigned.  
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Lastly, to verify phenotypic heterogeneity in P. luminescens subs. laumondii DJC strain 

high-throughput sequencing data of the respective genomes were analyzed. With that 

the genetic similarity of both cell variants should be confirmed to exclude genotypic 

heterogeneity. Indeed, it could be confirmed that P. luminescens DJC 1° and 2° are 

genetical identical, and that large genome rearrangements are not involved in the 

switch from the 1° to the 2° phenotype.  

In conclusion, the presented thesis gives direct evidence for an alternative lifestyle of 

P. luminescens 2° in the rhizosphere for the first time. The bacteria show a specific 

adaptation to plant roots protecting them from phytopathogenic fungi. Besides the 

biotechnological use of P. luminescens 1° cells as bioinsecticides, 2° cells could be 

used as plant growth promoting organism and as biopesticide for plant protection in 

the future. 
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Zusammenfassung 
 

Pflanzennützliche Bodenbakterien gewinnen als Biofungizide und 

Bioinsektizide in der nachhaltigen Landwirtschaft zunehmend an Bedeutung, da viele 

Schädlinge und Krankheiten die Ernteerträge stark beeinträchtigen. Photorhabdus 

luminescens ist ein Gram-negatives Bakterium, das in Symbiose mit 

entomopathogenen Nematoden (EPN) lebt und für eine Vielzahl von Insektenlarven 

hoch pathogen ist. Der EPN-Photorhabdus-Komplex wird bereits in der Landwirtschaft 

als Bioinsektizid eingesetzt. P. luminescens existiert in zwei phänotypisch 

unterschiedlichen Formen, der primären (1°) und der sekundären (2°) Zellvariante, 

wobei nur die 1°-Zellen in Symbiose mit den EPN leben. Sobald die Nematoden in die 

Insekten eindringen und P. luminescens in das Hemocoel freisetzen, werden die 

Larven durch die Bakterien schnell und effizient abgetötet. Im Lebenszyklus wechseln 

während der Infektion bis zu 50 % der 1°-Zellen zum 2°-Phänotyp. Da 2°-Zellen nicht 

mit den EPN reassoziieren können, verbleiben sie im Boden, wenn die Nährstoffe im 

Insektenkadaver aufgebraucht sind. Es wird angenommen, dass beide phänotypisch 

unterschiedlichen Zellvarianten genetisch identisch sind, was als phänotypische 

Heterogenität bezeichnet wird. Über den Verbleib der 2°-Zellen im Boden und damit 

der biologische Hintergrund für die phänotypische Heterogenität ist nichts genaues 

bekannt. Außerdem ist die genetische Identität der beiden Zellvarianten noch nicht 

bestätigt worden. Aus diesem Grund fokussiert sich diese Arbeit auf die biologische 

Rolle der 2°-Zellen in der Rhizosphäre.  

Um die Regulationsprozesse zu verstehen, die an dem phänotypischen 

Phasenwechsel beteiligt sind, und um Hinweise über das Schicksal der 2°-Zellen zu 

erhalten, wurde zunächst eine vergleichende Transkriptomanalyse von P. luminescens 

DJC 1°-Zellen und 2°-Zellen durchgeführt. Zunächst konnte nachgewiesen werden, 

dass die unterschiedlichen 1°- und 2°-spezifischen Phänotypen tatsächlich auf 

transkriptioneller Ebene reguliert werden. Die Expression der entsprechenden Gene, 

die für 1°-spezifische Merkmale wie z. B. Pigmentierung, Biolumineszenz und 

Verklumpungsfaktoren kodieren, war in 2°-Zellen herunterreguliert. Darüber hinaus 

wurden unterschiedlich exprimierte Gene (DEGs) identifiziert, die für LuxR-Solos 

kodieren. Dies deutet darauf hin, dass in 2°-Zellen eine noch unbekannte Art der Zell-

Zell-Kommunikation existieren könnte. So wurde beispielsweise die Expression des 

wichtigsten Regulator-Gens des Quorum Sensing (QS) in 1°-Zellen, pluR, in 2°-Zellen 
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herunterreguliert. Hingegen war die Expression der Gene, die für die PAS4-LuxR-

Solos PluDJC_10415-PluDJC_10460 und zwei LuxR-Solos mit einer nicht definierten 

Signalbindungsdomäne PluDJC_09555 und PluDJC_21150 kodieren, in 2°-Zellen 

hochreguliert. Dies weist ebenfalls auf eine mutmaßliche regulatorische Rolle von QS 

bei der phänotypischen Heterogenität von P. luminescens hin. 

Darüber hinaus wurden DEGs, die bei der Stressantwort beteiligt sind, identifiziert. 

Darunter waren Gene, die mit Nährstoffmangel und dem Primärstoffwechsel in 

Verbindung stehen, in der Expression hoch- bzw. herunterreguliert, was auf eine 

Anpassung der Bakterien an die begrenzte Nährstoffverfügbarkeit im Boden hindeutet. 

Darüber hinaus wurden bei 2°-Zellen eine erhöhte Schwimm- und Zuckungsmotilität 

sowie Chemotaxis beobachtet, die für die Besiedlung der Rhizosphäre von 

essenzieller Bedeutung sind. Dies unterstützt die Hypothese eines bisher nicht 

bekannten Lebenszyklus von P. luminescens in der Rhizosphäre. Weiterhin reagierten 

die 2°-Zellen chemotaktisch auf Pflanzenwurzelexsudate (PRE), zeigten eine 

verstärkte Biofilmbildung und interagierten spezifisch mit Pflanzenwurzeln. Darüber 

hinaus konnte die Fähigkeit dieser Zellvariante zur Förderung des Pflanzenwachstums 

beobachtet werden. Um die Anpassungsfähigkeit von 2°-Zellen an Pflanzenwurzeln 

besser zu verstehen, wurde eine vergleichende Transkriptomanalyse durchgeführt, bei 

der 2°-Zellen mit und ohne PRE verglichen wurden. Dabei wurde festgestellt, dass die 

Expression von Genen, die z. B. an der Biofilmbildung, der Motilität oder dem Abbau 

von Chitin beteiligt sind, in Gegenwart von PRE hochreguliert waren. Zwei der am 

stärksten in der Expression induzierten Gene waren diejenigen, die für ein potenzielles 

Chitin-bindendes Protein (CBP) und eine potenzielle Chitinase (Chi2A) kodieren, was 

auf eine chitinolytische und damit fungizide Aktivität der 2°-Zellen im Boden schließen 

lässt. Tatsächlich hemmten 2°-Zellen nach physischem Kontakt spezifisch das 

Wachstum von phytopathogenen Fusarium graminearum. In planta Tests mit F. 

graminearum infizierten Tomatenpflanzen zeigten außerdem, dass 2°-Zellen die 

Pflanze vor einer Infektion mit dem Pilz schützen konnten und somit das 

Pflanzenwachstum förderten. Diese Fähigkeit war bei P. luminescens 2° ∆chi2A- und 

∆cbp-Deletionsmutanten beeinträchtigt. Eine chitinolytische Aktivität von Chi2A wurde 

mit gereinigtem Enzym bestätigt. Insgesamt deuteten diese Experimente auf eine 

wichtige Rolle der 2°-Zellen beim Schutz der Pflanzen vor Phytopathogenen bei der 

Wurzelbesiedlung hin.  
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In einem weiteren Teil der Arbeit wurde das Interkingdom-Signaling (IKS) zwischen P. 

luminescens und der Pflanze untersucht. Dazu wurde ein SdiA-ähnlicher LuxR-Solo 

als wesentlicher Rezeptor im IKS zwischen Pflanzen und den Bakterien identifiziert. 

SdiA könnte eine Rolle bei den ersten Schritten der Wurzelbesiedlung spielen, da eine 

verringerte Motilität und eine erhöhte Biofilmbildung von P. luminescens 2° ∆sidA im 

Vergleich zu Wildtyp 2°-Zellen beobachtet wurde. Es wird angenommen, dass ein von 

der Pflanze stammendes Signalmolekül von SdiA wahrgenommen wird, was zur 

Expression von Genen führen könnte, die für die Interaktion zwischen 2°-Zellen und 

Pflanze wichtig sind. Darüber hinaus wurde eine mögliche Bindung von lang- und 

kurzkettigen N-Acylhomoserinlaktonen (AHLs) an SdiA vermutet, da bei der Bindung 

dieser Moleküle unterschiedliche Thermostabilitäten des Proteins beobachtet wurden. 

Mittels Oberflächenplasmonenresonanzspektroskopie konnte eine direkte und 

hochaffine Wechselwirkung von gereinigtem SdiA mit seinem eigenen Promotor sowie 

mit dem Promotor des Nachbargens von sdiA, aidA, nachgewiesen werden. Dies 

deutete auf eine bidirektionale Transkriptionsregulation der intergenen aidA-sdiA-

Promotorregion hin. Darüber hinaus konnte eine mutmaßliche Beteiligung von AidA 

bei der Interaktion zwischen Bakterium und dem Pflanzenwirt sowie ein genauer 

Selbstregulierungsmechanismus von SdiA nachgewiesen werden.  

Zuletzt wurden zur Überprüfung der phänotypischen Heterogenität in P. luminescens 

subsp. laumondii DJC-Stamm Hochdurchsatz-Sequenzierungsdaten der jeweiligen 

Genome analysiert. Damit sollte die genetische Ähnlichkeit beider Zellvarianten 

bestätigen werden, um genotypische Heterogenität auszuschließen. In der Tat konnte 

bewiesen werden, dass P. luminescens DJC 1° und 2° genetisch identisch sind und 

dass große Genom-Umlagerungen nicht am phänotypischen Phasenwechsel vom 1°- 

zum 2°-Phänotyp beteiligt sind.  

Zusammenfassend zeigt die vorliegende Arbeit zum ersten Mal einen direkten Beweis 

für eine neue Lebensweise von P. luminescens 2° in der Rhizosphäre. Die Bakterien 

besiedeln spezifisch Pflanzenwurzeln im Boden und schützen ihren neuen Wirt vor 

einer Infektion mit phytopathogenen Pilzen. Neben der biotechnologischen Nutzung 

von P. luminescens 1°-Zellen als Bioinsektizid könnten 2°-Zellen daher in Zukunft als 

effiziente pflanzenwachstumsfördernde Mikroorganismen sowie als Biopestizide im 

Pflanzenschutz eingesetzt werden. 
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1. Introduction 
 

1.1  The genus Photorhabdus  
 
 “The black death”: designation of a pandemic where humans experienced death 

via septicemia or plaque caused by Gram-negative Yersinia pestis. In contrast to 

Yersinia, close related insect pathogenic bacteria are responsible for a so called “bright 

death”. In 1977 Khan and Brooks reported for the first time the appearance of a Gram-

negative chromogenic bioluminescent bacterium associated with entomopathogenic 

nematodes (EPNs). Initially these bacteria were assigned to the genus of Xenorhabdus 

and were therefore named Xenorhabdus luminescens (Poinar et al., 1977). However, 

based on phenotypic and genotypic differences, in 1993 the creation of a new genus 

Photorhabdus was suggested and therefore the bacteria were later renamed as 

Photorhabdus luminescens (Boemare et al., 1993; Fischer-Le Saux et al., 1999). 

Bacteria from the genus Photorhabdus live in a close mutualistic symbiosis with 

Heterorhabditidiae EPNs and are highly pathogenic towards insects (Akhurst, 1980; 

Akhurst and Boemare, 1988). P. luminescens (Fischer-Le Saux et al., 1999), P. 

temperata (Tailliez et al., 2010), and P. asymbiotica (Wilkinson et al., 2009) were 

described as representative strains of Photorhabdus spec. Later, P. asymbiotica also 

occurred to be pathogenic against humans causing soft tissue skin infections (Gerrard 

et al., 2004, 2006). Moreover, in the last years new species and subspecies of the 

taxonomy of Photorhabdus were revised upon whole-genome sequencing (Machado 

et al., 2018). P. luminescens subs. laumondii TT01 is a well characterized and 

commonly used strain in research, but in the last decades a spontaneously mutated 

rifampicin resistant TT01 strain emerged and was designated as TT01Rif (Bennett and 

Clarke, 2005). Both TT01 strains differ in their phenotypic traits, and their genomes 

display dissimilarities, for which reason, P. luminescens subs. laumondii TT01Rif was 

renamed to P. luminescens subs. laumondii DJC to clearly distinguish both subspecies 

(Bager et al., 2016; Engel et al., 2017; Langer et al., 2017; Zamora-Lagos et al., 2018), 

and at the same time P. luminescens subs. laumondii was suggested to be renamed 

as P. laumondii (Machado et al., 2018). 
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1.1.1 The lifecycle of P. luminescens 
 

P. luminescens [P. laumondii] undergoes a dualistic life cycle. The bacteria enter a 

mutualistic symbiosis with Heterorahabditidae EPNs colonizing the upper gut of 

infective juveniles (IJs) (Forst et al., 1997). In the soil the nematodes actively search 

for an insect prey invading susceptible larvae of, e.g. the great wax moth Galleria 

mellonella. Once inside the larvae, the nematodes regurgitate P. luminescens into the 

haemocoel of the prey, where P. luminescens enters the pathogenic lifestyle. The 

bacteria start producing a wide range of toxins, e.g. insecticidal toxin complexes (Tc) 

and the “makes caterpillar floppy” (Mcf) toxin as major pathogenicity factors, leading to 

oral toxicity, apoptosis of epithelial cells and septicemia, respectively. The larvae are 

thereby effectively killed within 48 h (Waterfield et al., 2001; Daborn et al., 2002; 

Watson et al., 2005). Successively, P. luminescens cells protect themselves and the 

insect cadaver from other microorganisms via the production of antimicrobial 

substances, such as the β-lactam antibiotic carbapenem, or 3,5-dihydroxy-4-

isopropylstilbene (IPS), both with high biocidal activity against several microbes 

(Derzelle et al., 2002). Additionally, luciferase activity of P. luminescens leads to 

bioluminescence causing glowing of the insect cadaver, the “bright death” (Forst et al., 

1997; Daborn et al., 2001). Furthermore, the bacteria produce and secret several 

exoenzymes to degrade the insect cadavers’ tissue providing nutrients for both 

themselves and the nematodes. At this point of the lifecycle, the bacteria change to 

symbiotic behavior, providing essential nutrients and secondary metabolites that 

support nematode development (Han and Ehlers, 2001). Once the nutrients of the 

insect carcass are depleted, nonfeeding infective juveniles (IJs) of nematodes emerge 

and reassociate with P. luminescens, thus leaving the carcass and searching for a new 

prey (ffrench-Constant et al., 2003) (Fig. 1-1).  
Also strains of P. temperata and P. asymbiotica undergo a similar lifecycle. However, 

as P. asymbiotica emerged to be additionally pathogenic towards humans, here 

infection occurs via invading human skin, where nematodes release P. asymbiotica, 

which then causes local infection often associated with minor skin traumata (Gerrard 

et al., 2004, 2006). 



Introduction 

 3   

 
 
Figure 1-1: Lifecycle of Photorhabdus luminescens. i) P. luminescens 1° cells colonize the upper 
gut of entomopathogenic nematodes (EPNs). ii) EPNs-P. luminescens 1° search for and invade insect 
prey in the soil. iii) P. luminescens cells are regurgitated into the insects’ hemolymph, proliferating, and 
producing toxins thus overcoming the larva immune system defenses and killing it. The bacteria further 
produce bioluminescence, pigments, and antibiotics. iv) P. luminescens produce exoenzymes thus 
bioconverting the cadaver into nutrients used by themselves and the ENPs. v) At this point of the 
infective lifecycle, 20-50% of P. luminescens switch into the 2° cell variant. Once the nutrients of the 
cadaver are depleted only 1° ells reassociate with EPNs and emerge from the insect cadaver, whereas 
2° cells are left in soil with an unknown fate. 

 

1.2  Bacterial phenotypic heterogeneity 
 

Bacteria need to cope with constantly occurring environmental stresses and to 

better adapt to them they evolved different strategies like DNA methylation or genome 

rearrangements (Smits et al., 2006). Moreover, non-genetic strategies like the 

appearance of different phenotypic cells within a genetic homogenous cell population 

is another tactic bacteria evolved, which is designated as phenotypic heterogeneity 

(Avery, 2006; Davidson and Surette, 2008; Grote et al., 2015). Under evolutionary 

pressure single cells display different phenotypic traits resulting in phase variations 

with a major beneficial fitness; hence, this phase variation mostly correlates with 
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altering gene expression (Elowitz et al., 2002; van der Woude, 2011; Davis and Isberg, 

2016). This phenomenon of heterogeneity is found in different behaviors within 

bacterial populations, such as biofilm formation, DNA uptake, motility, bacterial 

competence, sporulation, and antibiotic resistance in Gram-positive and -negative 

bacteria. In some cases, bacterial phenotypic heterogeneity was observed to be under 

control of quorum sensing (QS) (Grote et al., 2015). QS-based bioluminescence of 

Vibrio harveyi was the first heterogenous QS-response observed (Anetzberger et al., 

2009; Pérez and Hagen, 2010). QS describes bacterial communication at high cell 

density, however, different studies reveled for different bacteria like Pseudomonas, 

Vibrio and Xanthomonas, QS-reversible non-genetic phenotypic heterogeneity 

responses whereupon two distinct sub-population evolved: i) the QS-responsive and 

ii) QS-non-responsive cells (Anetzberger et al., 2009; Pradhan and Chatterjee, 2014; 

Cárcamo-Oyarce et al., 2015; Bauer et al., 2017). However, little is known about the 

molecular dynamics between QS and phenotypic heterogeneity, especially during 

host-pathogen interaction. Recent studies suggested a transition from heterogeneity 

to homogeneity upon QS-response when Xanthomonas campestris population was 

involved in virulence towards the plant host (Samal and Chatterjee, 2019). One 

strategy following phenotypic heterogeneity is the so-called bet-hedging, where single 

individuals display an increased fitness, resulting in an adaptation to environmental 

changings. Therefore, bet-hedging is hypothesized to be advantageous in harsh and 

unpredictable environments (Cohen, 1966; Veening et al., 2008; Olofsson et al., 2009) 

and it is also found in bacteria. A well-studied example is the occurrence of persister 

cells (dormant variants of vital cells), where a very small portion of induvial cells in a 

population can persist against antibiotic activity (Helaine and Kugelberg, 2014). 

Another example is the sporulation of Bacillus subtilis, where some of the bacterial 

cells start to undergo sporulation upon nutrient limitation in order to survive starvation 

(Veening et al., 2008). Interestingly, also for P. luminescens bet-hedging was 

described to be important during the lifecycle: an antimicrobial peptide-resistant 

subpopulation of P. luminescens was described to be responsible for virulence 

(Mouammine et al., 2017). Generally, phenotypic heterogeneity occurs in P. 

luminescens and is important for the lifecycle of the bacteria.  
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1.3  Phenotypic heterogeneity in P. luminescens 
 
During the dualistic life cycle of P. luminescens two phenotypic cell variants occur: 

the pigmented primary (1°) cells and the non-pigmented secondary (2°) cells. Both are 

suggested to be genetically similar, however, they differ in many phenotypic traits. 

Differences can be found in cell morphology, since 1° cells are long rod-shaped, and 

2° cells are smaller rod-shaped (Wang et al 2006). Further prominent differences in 

phenotypic traits are: i) 1° cells exhibit strong bioluminescence and red pigmentation, 

ii) they produce many different secondary metabolites and antibiotics, and iii) they 

produce crystalline inclusion proteins (CipA and CipB) and the Photorhabdus cell 

clumping factor (PCF); all these traits are absent from 2° cells (Akhurst, 1980; Akhurst 

and Boemare, 1988; Richardson et al., 1988; You et al., 2005; Langer et al., 2017). 

Interestingly, both cell variants are equally pathogenic towards insects, however, at the 

beginning of the life cycle only 1° cells exist. During the infective part of the life cycle 

some 1° cells start to switch into the 2° cell variant, and once all the nutrients are 

depleted up to 50% of 1° cells switch to the 2° phenotype. As only 1° cells support 

nematode growth and are able to reassociate with their symbiosis partner, 2 ° cells are 

left in soil after the infective cycle (Han and Ehlers, 2001) (Fig. 1-1).  
So far, phenotypic switching of P. luminescens seems to occur only from 1° to 2° cells, 

as a switch back from 2° to 1° was never observed. The phenotypic switch from 1° to 

2° does not only occur in infected insects but also after prolonged cultivation 

suggesting nutrient limitation or global stress as major signal for the switching process 

(Joyce et al., 2006). However, the reasons why only a portion of the 1° cell population 

switches to the 2° cell form and therefore how phenotypic switching is regulated at 

single cell level is not fully understood. 

There are still several open questions regarding the phenotypic heterogeneous lifestyle 

of P. luminescens. Until now, there is no evidence whether both cell variants are truly 

genetically identical. Furthermore, light on the sociobiological aspects of the co-

existence of both cell variants has still to be shed, to understand when and why 1° cells 

switch to the 2° cell variant and to characterize the fate of 2° cells once they emerge 

during the lifecycle and left in soil. Therefore, these questions are addressed in the 

present thesis. 
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1.3.1 Regulation of phenotypic switching in P. luminescens 
 

Different phenotypic traits in a genetically homogenous cell population must be 

tightly controlled, especially when a population probably “irreversibly” switches. This 

population switch can occur after the infective life cycle as well as after prolonged 

cultivation in the laboratory, therefore this process must be strictly regulated to prevent 

a break-down of the insect pathogenic life cycle of P. luminescens. Several regulators 

have already been identified that play a major role in controlling the switching process. 

These are the master regulator HexA, the two-component system AstS/AstR and the 

XRE-like transcriptional regulators XreR1 and XreR2 that are mainly involved in 

controlling expression of different P. luminescens phenotypic traits (Joyce and Clarke, 

2003; Joyce et al., 2006; Langer et al., 2017; Eckstein et al., 2021).  

HexA - a LysR-type transcriptional regulator (LTTR) consisting of an N-terminal helix-

turn-helix (HTH) DNA-binding domain and a LysR substrate-binding domain 

(Maddocks and Oyston, 2008) - is a versatile regulator controlling phenotypic 

heterogeneity in P. luminescens (Joyce and Clarke, 2003; Langer et al., 2017). 1°-

specific traits are downregulated by HexA in P. luminescens. Overexpression of hexA 

in 1° cells led to the 2°-specific phenotype, while deletion of hexA in 2° cells led to the 

1°-specific phenotype (Joyce and Clarke, 2003; Langer et al., 2017). 2° cells showed 

increased amounts of HexA and is therefore believed to act as repressor of 1°-specific 

genes. HexA has been demonstrated to directly interact with the promoter region of 

the pcfABCDEF operon and thereby repressing P. luminescens cell clumping factor 

(PCF) production, usually highly upregulated in 1° cells upon high cell density (Langer 

et al., 2017; Eckstein and Heermann, 2019). Although HexA binding to further promotor 

regions of genes related to other 1°-specific traits has not been shown yet, the hexA 

deletion mutant displayed impaired traits such as bioluminescence suggesting that the 

respective luxCDABE operon is repressed at post-transcriptional level (Langer et al., 

2017). Further studies revealed a posttranscriptional regulation of HexA by a Hfq 

dependent regulatory small RNA (sRNA), ArcZ, that was discovered to directly 

basepair to the HexA-mRNA, thus repressing metabolite production and probably 1° 

cell specific traits (Neubacher et al., 2020). In this perspective, HexA directly and 

indirectly acts as master regulator of 1° cell specific phenotype. However, neither a 

putative substrate signal that binds to HexA nor the complete molecular regulatory 

mechanism of HexA are known to date.  
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The two-component system AstS/AstR was described as timer of phenotypic switching 

in P. luminescens and was found to be homologous to a two-component system found 

in E. coli. Indeed, P. luminescens mutant cells lacking the respective genes, switched 

several days before the wildtype strain, revealing that AstS/AstR is involved in stress 

response regulation, motility, and antibiotic production and controls timing of the 

switching process (Derzelle et al., 2004). However, the exact signal that is sensed by 

the histidine kinase AstS is unknown. 

Furthermore, the phenotypic switching was shown to be controlled by xenobiotic 

response elements (XRE) (Eckstein et al., 2021). XRE-type regulators are one of the 

most frequently occurring regulators in bacteria and suspected to be activated by 

environmental signals (Bai et al., 1993; Fisher and Wray, 2002; Barragán et al., 2005). 

P. luminescens harbors in total 27 putative XRE-like regulators. For two of these, 

XreR1 and XreR2 a regulatory role in the control of phenotypic switching of P. 

luminescens was demonstrated (Eckstein et al., 2021). Both XreR1 and XreR2 harbor 

a highly conserved HTH domain similar to the λ phage Cro/C1 repressor within the N-

terminal region (Hsiang et al., 1977; Sauer et al., 1982; Barragán et al., 2005), 

responsible for DNA binding (Eckstein et al., 2021; Aggarwal et al.). The C-terminal 

region instead harbors a regulatory domain that is variable (Kulinska et al., 2008). The 

transcriptional analysis comparing the transcriptomes of 1° and 2° cells spotlighted 

xreR1 as upregulated in 1° cells and xreR2 in 2° cells. Deletion of xreR1 in 1° cells and 

xreR2 in 2° cells as well as insertion of extra copies of xreR2 in 1° cells and xreR1 in 

2° cells led to the opposite phenotype in the respective cell form, thus playing an 

important regulatory role in phenotypic switching of P. luminescens. Furthermore, 

XreR1 represses the expression of xreR2, while XreR2 seems to indirectly induce its 

own gene expression by binding to XreR1 (Eckstein et al., 2021) (Fig. 1-2). The exact 

regulatory mechanism of these regulators and how they are involved in phenotypic 

switching is still under study.  
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Figure 1-2: Regulation of phenotypic heterogeneity in P. luminescens. The regulatory mechanism 
of phenotypic switching from 1° to 2° is a complex interaction between different regulators. HexA 
(orange) is a versatile master regulator playing an essential role in this process, as it is highly present 
in 2° cells (grey cell) and inactivates 1°-specific genes coding for bioluminescence (luxCDABE), 
pigmentation (antABCDEFGHI), cell clumping (pcfABCDEF) and nematode interaction. In 1° cells 
instead, hexA is posttranscriptionally regulated by an Hfq dependent small RNA, ArcZ, that directly 
basepairs to mRNA encoding HexA. Moreover, XRE-regulators play an essential role in the switch from 
1° to 2°. In 1° cells, XreR1 (red) is highly produced and activates 1°-specific genes, which in turn is 
repressed in 2° cells by XreR2 (green). Subsequently, in 2° cells, 2°-specific genes are activated. Lastly, 
AstS/AstR sensor kinase/response regulator system is involved in timing of the switching process. This 
figure was modified after (Eckstein and Heermann, 2019). 
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1.3.2 Different phenotypic traits of P. luminescens 1° and 2° cells 
 

Phenotypic heterogeneity implies different phenotypic appearances and behaviors 

in a genetically homogenous cell population. For P. luminescens, among the most 

predominant and visible differences are the production of secondary metabolites 

including pigmentation and the bioluminescence resulting from luciferase reaction 

encoded by luxCDABE in 1° cells (Fig. 1-3). In general, 1° cells produce more 

secondary metabolites than the 2° cells (Clarke, 2016), like anthraquinones (AQ), 

which are responsible for the red pigmentation of 1° cells (Richardson et al., 1988). AQ 

biosynthesis is driven by a type II polyketide synthase acting together with several 

further enzymes encoded by antABCDEFGHI operon (Brachmann et al., 2007). P. 

luminescens is the only yet known Gram-negative bacterium producing AQ, since AQ 

production has only been described in fungi, plants and streptomyces before. The 

antABCDEFGHI operon is positively regulated by AntJ, a ligand-dependent activator 

harboring an HTH-domain. However, the signal molecule that binds and modulates 

AntJ is yet unidentified but is putatively only present in 1° cells (Heinrich et al., 2016). 

Additionally, among many different antibiotics, P. luminescens 1° cells produce 

polyketide stilbenes (usually only found in plants), which are synthesized by 

phenylalanine ammonia lyase StlA (Derzelle et al., 2002; Williams et al., 2005; Joyce 

et al., 2008). Stilbenes play an important role in many stages of the P. luminescens 1° 

cells’ life cycle: it acts against fungi and Gram-positive bacteria, it supports the bacteria 

to overcome the immune system of insects and lastly it is important for nematode 

development, a trait only found in 1° cells (Eleftherianos et al., 2007; Joyce et al., 

2008). Furthermore, crystal inclusion bodies CipA and CipB, only found in 1° cells, 

were reported to be involved in nematodes’ development, as 1° cells lacking the single 

respective genes were not able to support nematodes growth (Bintrim and Ensign, 

1998; You et al., 2005). 

Another 1° cell specific trait lacking in 2° cells is the Photorhabdus clumping factor 

(PCF), which mediates cell clumping, a virulence factor contributing to P. luminescens 

higher pathogenicity (Brachmann et al., 2013). 

For P. luminescens 1° cells also the production of exoenzymes was described to be 

enhanced compared to 2° cells (Joyce and Clarke, 2003). So far, phenotypic traits 

were only described for 1° cells, but not for 2° cells. For better understanding the full 

lifecycle of P. luminescens and the role of 2° cells in the soil, it is of great importance 

to determine 2°-cell specific traits.  
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Figure 1-3: Phenotypic differences between P. luminescens 1° and 2°. Both cell variants display 
different phenotypes. Among all depicted 1°-specific phenotypes, 2° cells lack almost all of them with 
some exceptions. 2° cells are only slightly bioluminescent, and they are equally pathogenic towards 
insect larvae. Protease ability of 2° cells was not determined, yet. The table was modified after (ffrench-
Constant et al., 2003; Langer et al., 2017). 
 
 

1.3.3 The role of P. luminescens 2° cells 
 
The mutualistic symbiosis with EPNs and the pathogenic part of P. luminescens 

towards insects is well investigated. However, this part of the life cycle only fits the 1° 

cell variant. After nutrient depletion of insect cadaver, a portion of 1° cells switch to the 

2° cell form which lack symbiosis with EPNs and do not re-enter the life cycle (Han and 

Ehlers, 2001) (Fig. 1-1). Therefore, it was assumed, that 2° cells adapt to a free lifestyle 

in soil (Smigielski et al., 1994). 2° cells are better suited to survive altering nutrient 

availability, as they adapt faster to nutrient addition after a period of starvation 

compared to 1° cells (Smigielski et al., 1994), a trait that is essential to live in a soil 

environment with nutrient limitation. Indeed, a proteome analysis revealed enzymes 

involved in metabolisms, such as respiratory enzymes, and the transmembrane proton 

motive force to be upregulated in 2° cells further proposing their better adaptability to 

a soil lifestyle (Smigielski et al., 1994; Turlin et al., 2006). Nevertheless, the 

mechanisms of 2° cells soil adaptation and interaction with other soil-living organisms 
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are still unclear. The role of 2° cells in the soil is therefore investigated in the present 

thesis. 

1.4  Quorum sensing and interkingdom signaling via LuxR-type 
receptors  

 
Bacteria can colonize a plethora of environments, like soil, water, plants, animals, 

and humans. They must perceive different environments and hosts and quickly adapt 

their behavior to changing environmental conditions or when changing hosts. 

Furthermore, bacteria do not act as ‘loner’ but they are mostly organized as 

communities: they communicate with each other using small diffusible signaling 

molecules, a process that is designated as quorum sensing (QS) (Nealson’ and 

Hastings, 1979). These signaling molecules are produced in very low amounts and 

secreted into the environment. Concomitant with increasing cell count also the 

concentration of the signaling molecules increase until reaching a certain 

concentration. Once the minimal threshold (called quorum) for signal detection is 

reached, the signaling molecule(s) bind(s) to their respective cognate receptor, which 

activates or represses the expression of different genes (Ng and Bassler, 2009). QS 

based communication is widespread among bacteria and many biological processes 

such as virulence, biofilm formation, motility, metabolite production, bioluminescence, 

and sporulation are strongly regulated by this process (Waters and Bassler, 2005). QS 

differs between Gram-positive and Gram-negative bacteria. Gram-positive bacteria 

use peptide-derived signaling molecules, that are usually actively secreted out of the 

cell via export systems and sensed by typical bacterial two-component systems. In 

contrast, Gram-negative bacteria typically use fatty acid derived N-acyl homoserine 

lactones (AHLs) for communication, and the AHLs are sensed by a receptor of the so-

called LuxR-family (Waters and Bassler, 2005). However, recent studies revealed 

members of the Gram-positive bacteria to produce acylated signaling molecules as 

well (Biswa and Doble, 2013; Rajput and Kumar, 2017). 

 

  

1.4.1 The canonical QS communication of Gram-negative bacteria 
 

Nelson and Hastings described for the first-time communication in bacteria through 

studying the bioluminescence mechanisms of marine bacterium Vibrio fischeri and 

pointing out that it was mediated by the LuxI/LuxR QS-based system. Detailly, a small 
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diffusible signaling molecule C6-AHL is produced by the AHL-synthase LuxI and 

sensed by the receptor LuxR. After reaching the threshold concentration, C6-AHL binds 

to LuxR, which then regulates the expression of the luciferase biosynthesis genes 

resulting in bioluminescence (Nealson’ and Hastings, 1979). LuxI synthases constantly 

produce low levels of hydrophobic AHLs, that can easily pass bacterial membrane into 

the environment (Fuqua et al., 1996, 2001; Waters and Bassler, 2005). The length of 

the acyl moieties of the AHLs synthesized by LuxI varies between 4 and 18 carbon 

residues. Additionally, acyl chain of AHLs can carry a carbonyl, hydroxyl, or methylene 

group, thus increasing the LuxR-type receptors recognition (Whitehead et al., 2001; 

Kim et al., 2014). These receptors consist of two domains: i) The N-terminal signal 

binding domain (SBD) perceiving and binding the AHLs-like signal molecule with high 

specificity and ii) the C-terminal DNA-binding domain (DBD) with a helix-turn-helix 

motif (HTH LUXR) (Fig. 1-5) acting as transcriptional regulator thus modulating gene 

expression (Choi and Greenberg, 1991; Hanzelka and Greenberg, 1995). LuxR 

receptors undergo conformational changes upon AHL binding that lead to binding on 

its target promoters thus controlling the respective gene expression (Waters and 

Bassler, 2005). Furthermore, transcription of luxI is positively regulated by cognate 

LuxR upon AHLs binding, enhancing AHL production thus designating these molecules 

as autoinducer (Fuqua et al., 1994) (Fig.1-4A).  

This LuxI/LuxR cell-cell communication of V. fischeri represents a prototype that is 

widespread among Gram-negative bacteria (Nasser and Reverchon, 2007). Even 

though all known LuxR-type receptors only 25% homology, nine amino acids were 

described to be highly conserved in either SBD or DBD of at least 95% of LuxR-type 

proteins (Fuqua et al., 1996; Whitehead et al., 2001; Zhang et al., 2002; Patankar and 

González, 2009). Bacteria can be “multilingual” by harboring several LuxI/LuxR QS 

systems. For nosocomial Pseudomonas aeruginosa two AHL-QS systems are well 

described, e.g., virulence traits are controlled by the LasI/LasR (via 3-oxo-C12-AHL) 

and RhlI/RhlR (via C4-AHL) QS systems (Pearson et al., 2000; Miller and Bassler, 

2001). Additionally, P. aeruginosa harbors a third QS system depended on a quinolone 

signal (PQS) which is synthesized by PqsABCD and sensed by LysR-receptor PqsR 

(Gallagher et al., 2002). There are several LuxI/LuxR homologs found in proteobacteria 

involved in virulence regulation, like CviI/CviR of Chromobacterium violaceum (Swem 

et al., 2009; Chen et al., 2011) or YenI/YenR of Yersinia enterocolica (Ng et al., 2018) 

and so forth. Interestingly, QS systems can also be found encoded on plasmids, i.e., 
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the Agrobacterium tumefaciens TraI/TraR QS system, that regulates plant host 

infection, which is encoded on the tumor-inducing (Ti) plasmid (Fuqua and Winans, 

1994). However, many proteobacteria harbor LuxR type receptors, lacking a cognate 

LuxI synthase, thus such LuxR homologs are designated as LuxR orphans or solos 

(Patankar and González, 2009; Subramoni and Venturi, 2009) (Fig. 1-4B). P. 

aeruginosa for example harbors also a third LuxR-type receptor, QscR, which lacks a 

cognate LuxI-type synthase, but senses the 3-oxo-C12-AHL (produced by LasI) 

regulating further virulence genes (Lee et al., 2006; Subramoni and Venturi, 2009). P. 

luminescens counts so far 40 LuxR-type receptors lacking a cognate LuxI synthase 

(Brameyer et al., 2014) and they could be involved in different processes during the 

lifecycle of P. luminescens helping the bacteria to cope in different host environments.  

 

  
Figure 1-4: The canonical LuxI/LuxR quorum sensing (QS) system in Gram-negative bacteria. (A) 
N-acyl homoserine lactones (AHLs) are small diffusible molecules that are constantly produced at low 
basal level by AHL-synthase LuxI. After exceeding a certain concentration threshold, cognate LuxR-
type receptors recognize the AHL and subsequently acts as transcriptional regulator modulating the 
expression of different target genes influencing the behavior of the bacterial population dependent on 
cell count. However, LuxR-type receptors can occur without a cognate LuxI and are designated as LuxR 
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solos. They can be found in either AHL producing and (B) non-AHL producing bacteria sensing AHLs 
from the environment (modified after: Brameyer and Heermann 2015).  
 

1.4.2 LuxR solos in cell-cell communication and interkingdom 
signaling  

 
Studying QS-based communication of bacteria led to identification of many 

LuxI/LuxR homologous in Gram-negative bacteria. Usually, the respective genes are 

found in proximity on the genomes. However, the presence of additional LuxR-type 

receptors lacking a cognate LuxI synthase became more apparent as more and more 

genomes were analyzed (Patankar and González, 2009; Subramoni and Venturi, 

2009). LuxR solos can be found in AHL producing and non-producing bacteria. In AHL 

producing bacteria these additional receptors extend the regulatory network targeting 

further genes as they sense either exogenous or endogenous AHLs as it was 

described for QscR of P. aeruginosa (Lee et al., 2006). Interestingly, the QS systems 

of P. aeruginosa are strongly regulated in a hierarchical cascade, where i.e., QscR 

also influences LasR, a LuxR strongly inducing virulence. QscR also responds to 3-

oxo-C12 AHL produced by LasI thereby infouencing LasR activity (Lee et al., 2006). 

Since deletion of qscR leads to hypervirulence it was suggested that QscR acts as QS 

antagonist of LasR and RhlR (Chugani et al., 2001; Fuqua, 2006). LuxR solos found 

in non-AHL producing bacteria were suggested to either sense exogenous AHLs, 

hormone-like signals produced by eukaryotes or both. Subsequently, bacteria sense 

and communicate with neighboring bacteria or recognize their eukaryotic hosts or 

habitat and consequently adapt their behavior (Subramoni and Venturi, 2009). A 

common LuxR solo present in non-AHL producing bacteria is the transcriptional 

regulator SdiA found in enteric bacteria like Escherichia and Salmonella. For SdiA of 

E. coli transcriptional activation of ftsQAZ, an operon coding for cell division proteins, 

was described and was therefore designated as ‘suppressor of cell division inhibitor’ 

(Wang et al., 1991). Furthermore, all SdiA homologues harbor an AHL signal binding 

domain and therefore detect exogenic AHLs produced by neighboring bacteria 

enabling interbacterial communication (Michael et al., 2001). Upon AHL binding, SdiA 

regulates expression of several genes involved in metabolism, motility, virulence, and 

different survival mechanism (Kim et al., 2014). Docking analysis revealed higher 

binding affinity of long chain C12-AHLs to SdiA compared to AHLs with smaller side 

chains (Almeida et al., 2016), and similar LuxRs were found in plant associated 

bacteria like Kosakonia, designated as LoxR, which binds AHLs (Mosquito et al., 
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2020). QS based communication is not only restricted to bacterial cell-to-cell 

communication, but it also enables communication between bacteria and their 

eukaryotic hosts by sensing respective signal molecules mechanism called 

interkingdom signaling (IKS) communication. The bacteria usually sense hormone-like 

signals, whereupon they change their behavior to promote host colonization (Hughes 

and Sperandio, 2008). Moreira et al. described one of the first IKS in 

enterohemorrhagic E. coli (EHEC). After human host infection EHEC sense hormones 

epinephrine and norepinephrine, as well as an autoinducer molecule produced in the 

human gut via the QseC/QseB two-component system. Subsequently, expression of 

genes encoding another two-component-system (QseE/QseF) are induced, which then 

activate expression of virulence genes (Moreira et al., 2016). Furthermore, recent 

studies indicate some LuxR solos in plant associated bacteria to be involved in IKS. 

In summary, bacterial communication via LuxR solos is not only restricted in 

interspecies communication but also includes interkingdom communication in a 

complex regulatory network. 

  

1.4.3 LuxR solos in plant associated bacteria 
 

A common phenomenon of interkingdom interaction occurs in the rhizosphere, 

where microorganisms interact with the plant hosts. In some plant associated bacteria, 

LuxR homologs belonging to a different subgroup of LuxR solos, which harbor an AHL 

signal binding domain (SBD) were noticed (Patel et al., 2013; Venturi and Fuqua, 2013) 

(Venturi and Fuqua, 2013, González and Patel 2013). Thereby, two conserved amino 

acids are substituted in the SBD, which is in agreement with the evidence that these 

proteins bind low-molecular weight molecules different from AHLs (Ferluga and 

Venturi, 2009). Therefore, LuxR solos of plant associated bacteria might play an 

important role in IKS. For Xanthomonas a role of the LuxR solo OryR in IKS with rice 

plants and the regulation of genes coding for virulence or motility was reported (Ferluga 

et al., 2007; González et al., 2013). Moreover, LuxR solos involved in IKS with plants 

are found in further plant associated bacteria such as XccR, XagR in Xanthomonades, 

NesR in Rhizobia or PipR and PsrR in Pseudomonades (Ferluga et al., 2007; Zhang 

et al., 2007; Ferluga and Venturi, 2009; Patankar and González, 2009; Subramoni and 

Venturi, 2009; Coutinho et al., 2018). Recently, for endophytic Kosakonia spec. two 

LuxR solos were described not only to play a role in interspecies, but also interkingdom 

signaling with plants (Mosquito et al., 2020). 
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1.4.4 LuxR solos in P. luminescens  
 

Several bioinformatic studies revealed in total 40 LuxR-type receptors in P. 

luminescens, all lacking a cognate LuxI synthase and therefore referred to as LuxR 

solos (Heermann and Fuchs, 2008; Brameyer et al., 2014). Generally, Photorhabdus 

spec. harbor three different types of LuxR solos all sharing the typical C-terminal helix-

turn-helix motif “HTH” acting as DNA-binding domain (DBD) and a N-terminal signal 

binding domain (SBD). However, differences in the SBD of Photorhabdus LuxR have 

been found, for which reason they were grouped in three subgroups: LuxR solos with 

PAS4-domain, AHL-domain, and with a yet undefined SBD domain (Brameyer et al., 

2014) (Fig. 1-5A). The LuxR solos of P. luminescens were already suggested to enable 

the bacteria to sense different types of signals, like exogenous AHLs, exogenous and 

endogenous non-AHLs, or eukaryotic signals (Subramoni and Venturi, 2009). 

Generally, the high number of divers LuxR solos in P. luminescens gives hints for an 

extremely high capacity of communication in intra- and interbacterial signaling as well 

as IKS, especially recognizing exogenous AHLs and/or non-AHLs deriving from e.g., 

nematodes or insect hosts. Indeed, first indications for IKS between P. luminescens 

and insect hosts were given by PAS4-LuxR solos PikR1/PikR2 (Plu2018/Plu2019; 

now: PluDJC_10520/PluDJC_10530) which sense stearic and palmitic acid two fatty 

acids identified in G. mellonella insect homogenate (Brehm, 2021) (Fig. 1-5B). It was 

suggested that P. luminescens can specifically identify the insect host by detecting 

host specific signals sensed by the different PAS4-LuxR solos and thereby adapt to 

the specific insect species (Heermann and Fuchs, 2008; Brehm, 2021). 

P. luminescens harbors two LuxR solos with an AHL-domain, PluR (Plu4562, or 

PluDJC_22590 in P. luminescens DJC strain) and SdiA-like (Plu0320; here: 

PluDJC_01675). Modification in SBD domain of PluR suggested perception of 

molecules different than AHLs and indeed corresponding to the ability of PluR to sense 

endogenously produced photopyrones (α-pyrones, PPYD) which are synthesized by 

pyrone synthase PpyS and controlling cell clumping in P. luminescens (Brachmann et 

al., 2013) (Fig. 1-5B). But for the second AHL-LuxR solo SdiA-like of P. luminescens 

no signal molecule has yet been identified, although the SBD contains the conserved 

amino acid WYDPWG-motif important for AHL binding highlighting that the P. 

luminescens SdiA-like LuxR solo could sense exogenous AHLs (Brameyer et al., 

2014).  
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Figure 1-5: LuxR solos in P. luminescens. (A) LuxR-type receptors consist of two modular domains, 
the N-terminal signal binding domain (SBD; orange) and the C-terminal HTH LUXR (SMART00421) 
DNA-binding domain (DBD; blue). The LuxR solos of P. luminescens are classified in three subclasses, 
according to their SBD: AHL-domain (PFAM03472: Autobind_bind), the PAS4-domain (PFAM08448: 
PAS_4) and an unknown domain. The list indicates LuxR solos homologous in P. luminescens subs. 
laumondii DJC and was created considering (Brameyer et al., 2014). (B) Putative PikR1/PikR2 mediated 
interkingdom signaling (IKS) in P. luminescens. The bacteria putatively sense insect derived fatty acids, 
that are transported via FadD/FadL to LuxR solos PikR1 and PikR2, which then actives genes putatively 
involved in insect pathogenicity and nematode symbiosis (Brehm, 2021). (C) PPY-dependent cell-cell 
communication in P. luminescence. Although PluR is described as LuxR solo lacking a cognate LuxI 
synthase, it senses the endogenously produced PPYs (signal molecule photopyrone D, PPYD, with 
highest affinity) produced by photopyrone synthase PpyS, which activates the expression of pcfABCDEF 
operon leading to cell clumping (modified after Brachmann et al., 2013). 
 

1.5  Scope of the dissertation 
 
Understanding the occurrence of phenotypic heterogeneity and the fate of P. 

luminescens 2° cells is still a striving work. For that purpose, the main objective of this 

thesis was to elucidate the alternative lifestyle that P. luminescens 2° undergoes after 

phenotypic switching and to elucidate a putative IKS communication mechanism of 

Photorhabdus in the rhizosphere. Therefore, this work focuses on to address the 

queries regarding the fate of 2° cells in the rhizosphere and understanding their 

communication with the environment.  
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Primarily, this thesis focuses on the phenotypic heterogeneity of P. luminescens subs. 

laumondii 1° and 2° cells, which so far were only suggested to be genetically identical, 

however, no evidence was provided yet. Therefore, the first steps were performing 

genomic (HTS-Seq) and transcriptomic (RNA-Seq) analyses to elucidate the genetical 

identity of both cell variants and to understand the origin of the different phenotypes. 

The resulting data of the RNA-Seq should provide information about genes mediating 

1°-specific phenotypes in 1° cells and should give hints in genes involved in phenotypic 

switching and highlight genes involved in 2°-specific traits. Since 2° cells are left in soil 

after an insect infection cycle, they encounter different stress conditions like nutrient 

availability, temperature shifts, oxidative stress, whereupon it would be very essential 

to determine genes involved in adaptation of 2° to the new environment. 

Especially, due to the altered nutrient availability 2° cells would have to adapt to 

different sources, which are very likely not in proximity in the soil. Most nutrients in the 

soil derive from plants which are dominantly present in the rhizosphere, and P. 

luminescens 2° cells might get in contact with. Therefore, the second part of the thesis 

concentrates on whether 2° cells react to plants and their root exudates (PRE). 

Phenotypic tests like plant root colonization, motility, or biofilm formation should 

provide first indications about the Photorhabdus 2°-plant interaction. Whether an effect 

can be observed, it would be of great importance to investigate which genes are 

involved in this interaction. Therefore, knowledge about differentially expressed genes 

(DEGs) upon PRE in 2° cells is required, which should be achieved via comparative 

RNA-Seq analysis considering PRE exposed cells. To finally elucidate the role of 2° 

cells in the rhizosphere, DEGs found in RNAseq analysis, should be selected and their 

putative role in e.g., plant colonization, growths promotion, or protection should be 

investigated. 

Bacterial communication with eukaryotes like plants is often referred to as IKS 

communication and is driven by LuxR regulators, which are highly represented in P. 

luminescens. Therefore, in the last part of the thesis, the role of AHL-LuxR solo SdiA, 

which is homologous to LuxRs found in plant associated bacteria, in IKS with plants 

was investigated. For that purpose, the effect of the respective gene on plant 

colonization specific phenotypes should be analyzed. Furthermore, PRE should be 

screened for potential signaling molecule that binds purified SdiA, as well as its DNA 

binding capacity upon signal binding should be examined using surface plasmon 

resonance spectroscopy.  
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Although always assumed, the genetical identity of P. luminescens 1° and 2° cells has 

never been proved. For that purpose, the genomes of single 2° clones switched from 

the 1° variant should be compared using bioinformatics analyses to prove that 

phenotypic switching from 1° to 2° cells is due to bacterial phenotypic heterogeneity. 
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Abstract 
Phytopathogens represent a big agricultural challenge. The use of chemical pesticides 

is harmful for the environment, for animals and humans. Therefore, new sustainable 

and biological alternatives are urgently needed. The insect pathogenic bacterium 

Photorhabdus luminescens, already used in combination with entomopathogenic 

nematodes (EPNs) as biocontrol agent, is characterized by two different phenotypic cell 

forms called primary (1°) and secondary (2°). The 1° cells are symbiotic with EPNs and 

are used for biocontrol, the 2° cells are unable to undergo symbiosis with EPNs and 

remain in the soil after insect infection and specifically interact with plant roots. A 

previous RNAseq analysis showed that genes encoding exochitinase Chi2A and chitin 

binding protein CBP are highly upregulated in 2° cells exposed to plant root exudates. 

Here, we investigate the Chi2A and CBP function and demonstrate that both are 

necessary for P. luminescens 2° cells for inhibiting growth of phytopathogenic Fusarium 

graminearum. We provide evidence that Chi2A digests chitin and thereby inhibits fungal 

growth. Furthermore, we showed that 2° cells specifically colonize fungal hyphae as 

one of the first mechanism to protect plants from fungal phytopathogens. Finally, soil 

pot bioassays proved plant protection from F. graminearum by 2° cells, whereas 

Chi2A/CPB were essential for this process. This work gives molecular insights in a new 

applicability of P. luminescens as plant-growth promoting and protecting organism in 

agriculture.  

 

Importance 
The enteric enterobacterium Photorhabdus luminescens is already used as 

bioinsecticide since it is highly pathogenic towards abroad range of insects. However, 

the bacteria exist in two phenotypic different cell types called 1° and 2° cells. Whereas 

only 1° cells are symbiotic with their nematode partner to infect insects, 2° cells were 

shown to remain in the soil after an insect infection cycle. It was demonstrated that the 

2° cells specifically interact with plant roots. Here we show that the bacteria are 

beneficial for the plants by protecting them from phytopathogenic fungi. A specific 

colonization of the fungus mycelium as well as chitin degrading activity mediated by 

the chitin binding protein CBP and the chitinase Chi2A is essential for this process. 

Our data give evidence for a novel future applicability of P. luminescens as plant growth 

promoting organism and biopesticide.   
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Introduction  
Plants encounter different types of challenges as they usually are susceptible to 

environmental stress, pests, and diseases. This represents a food security issue 

regarding a growing population that must be fed since it impacts the crop yields as well 

as food production. The agricultural major losses derive from weeds, animal pests and 

from phytopathogens such as bacteria, fungi, and viruses (1). In the past, an excessive 

use of chemical pesticides improved the crop yields leading to higher food security but 

also to environmental damages and toxicity against non-target organisms such as 

pollinators and humans (2, 3) affecting the soil microbiome in its composition as well 

as the plant´s metabolism and growth (4). Hence, biological pesticides are considered 

as alternatives. Since they are less harmful than chemical pesticides, they are 

becoming an emerging branch in biotechnological research. In the last decades 

biological control agents such as beneficial plant growth promoting rhizobacteria 

(PGPRs) and entomopathogenic nematodes (EPNs) arose as new sustainable 

agricultural techniques to protect plants from pests. For EPNs such as 

Steinernematidae and Heterohabditidae biocontrol activity against insect pests is well 

known, moreover, an effect on plant pathogens and indirect improvement of soil quality 

has been suggested (5, 6). EPNs live in symbiosis with bacteria of the genera 

Xenorhabdus and Photorhabdus, which are the main agents involved in insect killing. 

Photorhabdus luminescens occurs in two phenotypically different cell variants. The 

pigmented primary cell form (1°) lives in symbiosis with the nematodes and, in contrast, 

the non-pigmented 2° cell form cannot undergo symbiosis with EPNs, so that the 

bacteria are left in soil after the insect infection cycle (7, 8). Both cell forms are 

genetically identical (9) (N.D. and R.H., unpublished data), but differ in various 

phenotypic traits such as bioluminescence, production of secondary metabolites, cell 

clumping, and biofilm formation, phenotypes that are only present in 1° cells and 

absent from 2° cells (9–11). Within the big spectra of secondary metabolites produced 

only by P. luminescens 1° cells, an isopropylstilbene (IPS) was observed to have 

fungicidal effects (12, 13). In recent studies on the reaction and response of P. 

luminescens 2° cells to plant root exudates (PRE), we previously showed that this cell 

form also can inhibit fungal growth in presence of PRE, speculating that they might 

also be used as biocontrol agent in plant protection (14). Since 2° cells almost produce 

very limited spectrum of secondary metabolites, another mechanism to combat 

phytopathogenic fungi is likely. A previously conducted comparative transcriptome 



 68 

analysis between 2° cells and 2° cells exposed to PRE revealed chitinase and chitin 

binding protein (CBP) related genes to be highly upregulated in 2° cells in presence of 

PRE, thus suggesting their involvement in antifungal activity in order to protect the host 

plant (14). The fungal cell wall mainly consists of chitin, a heterogenous polymer of 

β−1,6-linked N-acetylglucosamine linked to glucan (15), making the cell wall of 

phytopathogenic fungi a perfect target for bacterial chitinases. Therefore, chitinases 

are useful enzymes for biocontrol application in agriculture, since these glycosyl 

hydrolases catalyze the first step of chitin degradation (16, 17). 

For PGPRs like Pseudomonas fluorescence chitinase activity has already been 

demonstrated. The bacteria are capable to reduce fungal growth and germination of 

phytopathogenic Aspergillus flavus (18). Moreover, chitinases derived from S. 

marcescens displayed antifungal activity, pointing out the use of chitin degrading 

bacteria as biocontrol alternative (19). 

Here we investigate the capacity of P. luminescens Chi2A (PluDJC_11885) to 

hydrolyze chitin and inhibit fungal growth of phytopathogenic F. graminearum. 

Furthermore, we examined the ability of P. luminescens 2° cells not only to colonize 

fungal hyphae as first step of competition mechanism, but we also investigated 

bacterial plant protecting ability in pot bioassays. However, even if chitinases are 

involved in degradation of chitin and inhibition of fungal growth, respectively, the 

activity of chitin binding proteins CBPs is still essential for chitinase activity. Overall, 

this work gives deeper insights about the role of P. luminescens 2° in soil, 

demonstrating a novel applicability of these bacteria in agriculture as plant growth 

promoting organism and biopesticide.  

 
Material and Methods 
Bioinformatic analysis of chitinase encoding genes in P. luminescens 
The genome of P. luminescens harbors three genes, that code for putative 

exochitinases: PluDJC_11885 (Chi2A), PluDJC_12975 (Chi2B) and PluDJC_12990 

(Chi2C). To determine the domain of all three proteins, HMMER a bioinformatic tool 

using profile hidden Markov Models (https://www.ebi.ac.uk/Tools/hmmer/) was 

exploited (20). Moreover, multiple sequence alignment was performed using Clustal 

Omega (21) to compare P. luminescens chitinases with described ChiB 

(WP_016926761.1) of Serratia marcescens and Chi2 (WP_064513229.1) of Yersinia 

https://www.ebi.ac.uk/Tools/hmmer/
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entomophaga, both, GH18 protein members with chitinolytic activity and modelling of 

tertiary protein structure was performed using Phyre2 (22). 

 

Bacterial and fungi strains 
In this study antifungal activity of P. luminescens DJC 1° and 2° wildtype and the 

respective mutants were analyzed (23). Deletion mutants of PluDJC_11885 (chi2A), 

PluDJC_12460 (cbp) were obtained through in-frame deletion via double homologues 

recombination. For that purpose, 500 bp fragments up- and downstream of the desired 

gene were cloned into pNPTS138-R6KT suicide vector using primer pairs FA cbp fw 

EcoRI + FA cbp re ovl FB for flank A and FB cbp fw ovl FA + FB cbp re EagI for deletion 

of cbp as well as FA chi2A fw EcoRI + FA chi2A re ovl FB primers for flank A and FB 

chi2A fw ovl FA and FB chi2A re EagI for flank B for deletion of chi2A (Table 1) fused 

and inserted into pNPTS138-R6KT using the respective restriction sites. Obtained 

vectors were transferred into P. luminescens cells via conjugation (24, 25). 

Complementation of the respective mutants occurred by integration of exogenous and 

constitutive tac promoter fused with the respective genes, Ptac-chi2A and Ptac-cbp, 

respectively, into a pPINT. For amplification of the tac promoter Ptac fw PstI + Ptac re 

ovl were used, whereas with primer pairs cbp fw ovl Ptac + cbp re EagI and chi2A fw 

ovl Ptac + chi2A re EagI the respective genes were obtained (Table 1) and inserted 

into pPINT vector using the respective restriction sites. Gene complementation was 

obtained, as glmS-rpmE site of pPINT vector integrates into the respective P. 

luminescens mutant genome (26). These integration vectors were additionally 

transferred into P. luminescens WT cells to overexpress the respective genes. 

Furthermore, fluorescently labeled P. luminescens cells were obtained by mCherry 

tagging under the control of the exogenous tac promoter as previously described (26). 

E. coli BL21 (pLysS) strains were used to heterologeously express chi2A or cbp. For 

that purpose, pBAD24-6xHis-chi2A, in which the chi2A expression is under the control 

of the inducible ara promoter (27) and pET16-cbp, in which the cbp expression is under 

the control of a tac promoter, were generated using chi2A-N6xHis fw XmaI_pBAD24 
+ chi2A re XbaI_pBAD24 and cbp fw NdeI_pET16b + cbp re XhoI_pET16b, 

respectively (Table 1). Expression vectors were then transferred into chemical 

competent E. coli cells via transformation. This study includes phytopathogenic 

Fusarium graminearum strain (Institute of Biotechnology and Drug Research, IBWF, 

Mainz, Germany), an isolate from tomato plant, a phytopathogenic fungus usually 
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causing head blight or scab on wheat (28) or tomato plants (29) to determine antifungal 

activity of P. luminescens. Bacterial cultures were inoculated into LB medium (1% [w/v] 

tryptone, 0.5% [w/v] yeast extract, 0.5% [w/v] NaCl) supplemented with or without the 

respective antibiotics and aerobically cultivated at 30°C for P. luminescens and or 37°C 

for E. coli, respectively. Fungi were cultivated on YMG agar plates (1% [w/v] malt 

extract, 0.4% [w/v] yeast extract, 1% [w/v] glucose, pH 5.5) at 26°C. Three biological 

independent replicates were performed. If designated kanamycin was added to the 

media with a final concentration of 60 μg/ml and carbenicillin with 100 µg/ml. 

 

Fungal growth inhibition assay 
Fungal growth inhibition assays to determine influence of P. luminescens 1° and 2° 

lacking chitinase (Chi2A) and chitin binding protein (CBP) towards F. graminearum 

were performed as previously described (14). Furthermore, P. luminescens 1° and 2° 

wild type and the respective deletion mutant strains transformed with pPINT-Ptac-chi2A 

or pPINT-Ptac-cbp, overexpressing chi2A or cbp, were obtained to check whether the 

wildtype behavior of the deletion mutants with respect to the antifungal growth 

inhibition can be restored and/or antifungal activity can be enhanced.  

E. coli BL21 (pLysS)::pBAD24-6xHis-chi2A and pET16-cbp, respectively, were also 

tested to determine whether antifungal effect observed in P. luminesces is solely 

caused by Chi2A and/or Cbp.  

For these tests, a fungal agar plug with a diameter of 0.9 mm was placed in the middle 

of a YMG agar plate. Then, an overnight culture of bacterial strains was adjusted to an 

OD600 of 2.0 and four spots of 50 µl each were dropped around the fungal plug, forming 

the corners of a square and connected alongside. Plates were then incubated at RT 

and observed over a period of 14 d. P. luminescens and E. coli cells carrying a vector 

for expression of chi2A and cbp, respectively, were cultivated overnight in LB with the 

respective antibiotics, then the following day the OD600 was adjusted to 0.1 and the 

bacteria were then cultivated until reaching an OD600 of 0.4 and induced with 1 mM 

IPTG for vectors with tac promoter or 0.5% (v/v) L-arabinose for vectors with ara 

promoter. Induction of gene expression occurred at 30°C until bacteria reached an 

OD600 0f 2.0. Here, fungal growth inhibition assay was performed on YMG agar plates 

(for experiments performed with E. coli cells glucose was replaced with 1% glycerol 

[v/v] in YMG agar) supplemented with the respective antibiotic and inductor. Negative 

controls were provided by strains carrying the empty vector.  



The insect pathogen Photorhabdus luminescens protects plants from 
phytopathogenic Fusarium graminearum via chitin degradation | Chapter 4 

 

 71   

 
Plant protection activity of P. luminescens  
To investigate biocontrol activity of P. luminescens in planta assays with beef tomato 

Solanum lycopersicum (Magic Garden Seeds; https://www.magicgardenseeds.de) and 

F. graminearum were performed. For that purpose, the surface of S. lycopersicum 

seeds was sterilized for 30 min with 50% (v/v) Chlorix, 20% EtOH (v/v) and washed 3 

times with sterile H2O, and 2-3 seeds were sown on sterile vermiculite in one pot (in 

total 5 seeds per replicate). Overnight cultures of P. luminescens 2° wildtype, ∆chi2A, 

and ∆cbp cells as well as 1° cells (control) were adjusted to an OD600 of 0.5, washed 

and resuspended in MS-medium [0.4% (w/v) MS basal salt mixture, 1% (w/v) glucose]. 

Afterwards, 1 ml of bacterial cell suspension (containing approximately ~5*108 cells) 

was sprayed using a vaporizer on the vermiculite surface containing the S. 

lycopsersicum seeds and incubated under controlled conditions (40 days, at 25°C, 16 

h light/8 h dark). Control seeds were sprayed with MS-medium without bacteria. For 

plant infection F. graminearum was cultivated in YMG medium [1% (w/v) malt extract, 

0.4% (w/v) yeast extract, 1% (w/v) glucose, pH 5.5] for 5 days and 1 ml of a 1:10-

diltuion (in MS-medium) was pipetted along the tomato plant stem towards the roots. 

Then, the pots with the plants were packed into plastic bags to keep high humidity to 

allow the phytopathogen to grow. After 24 h 1 ml of the bacterial cell suspension of an 

OD600 of 0.5 (in MS-medium) was sprayed along the stem at the same site where the 

fungus was applied. After 5 days the plants were analyzed for growth and 

photographically documented. Three independent biological replicates including up to 

5 plants each were performed. The experiment was approached using a completely 

randomized design, meaning that from a selection of 30 seeds, 5 were selected and 

each seed was treated with the five respective bacterial strains or MS-medium as 

control, so that 5 plants (distributed over two pots) were treated with similar conditions. 

This experiment was repeated independently in the same way on different days with 

different bacterial and fungal cell cultures. The amount of healthy (H) and sick (S) 

plants was evaluated as 1 and 0, respectively, and the experimental blocks were 

plotted in a table calculating percentage of survival. Plants that were withered or 

displayed lesions at the application site, where the fungus was applied, were evaluated 

as sick (S). 

 
 

https://www.magicgardenseeds.de/
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Heterologous overexpression of chi2A and purification of the respective protein 
Heterologous expression of chi2A was carried out in E. coli BL21 pLysS strain carrying 

the recombinant vector pBAD24-6xHis-chi2A. For that purpose, chi2A was amplified 

via PCR from P. luminescens DJC gDNA using chi2A-N6xHis fw XmaI_pBAD24 + 

chi2A re XbaI_pBAD24 (Table 1) and inserted downstream of Para into the pBAD24 

expression vector using restriction sites XmaI and XbaI (carbenicillin resistance) (27) 

6xHis codon was N-terminally added to the gene via PCR. An overnight culture of E. 

coli BL21::pBAD24-6xHis-chi2A cells inoculated in 1 l of LB medium supplemented 

with the respective antibiotic at an OD600 = 0.1. The culture was then incubated at 37°C 

and 150 rpm until reaching an OD600 = 0.4. Then, gene expression was induced via 

Para by addition of 0.5% (v/v) L-arabinose and bacteria were further aerobically 

cultivated at 30°C and 150 rpm for 4 h. The bacteria were then harvested by 

centrifugation for 30 min at 4,500 rpm at 4°C and the pellet was resuspended in 

phosphate lysis buffer (50 mM NaH2PO2, 300 mM NaCl, 20 mM Imidazole, 0.5 mM 

PMSF, 2 mM DTT, pH 7.4). Bacterial cells were disrupted using a French press running 

three cycles at 1.35 kBar, and cell debris was removed by centrifugation for 15 min at 

4,500 rpm and 4°C. Separation of bacterial cytosol (supernatant) from the membrane 

fraction (pellet) was obtained by ultracentrifugation at 45,000 rpm for 1 h at 4°C. As 

Chi2A is a soluble exoenzyme, the cytosolic fraction was kept for further purification 

using ÄktaTM Pure system (Cytiva).  

 

Ni2+-NTA affinity chromatography 
Purification of 6xHis-tag labeled chitinase Chi2A was performed using 1 ml HisTrapTM 

FF Crude (Cytiva) columns for FPLC in the ÄktaTM Pure system (Cytiva) with an 

attached sample pump S9H (Cytiva) and fraction collector F9-C (Cytiva) module. The 

cytosolic sample was applied onto the previously equilibrated column and the 

flowthrough was kept using a fraction collector followed by two washing steps with 

phosphate buffer [50 mM NaH2PO2, 300 mM NaCl, 10% glycerol (v/v), pH 7.4], one 

with 20 mM Imidazole (buffer A) and the other with 500 mM Imidazole (buffer B) in a 

98%:2% ratio. With that unspecific binding was decreased on the column. Elution was 

obtained with increasing concentration of imidazole starting with a buffer A and B ratio 

of 98%:2% to final ratio of 70%:30% in a total volume of 10 ml removing Chi2A from 

the column. Purity of the elution fraction was determined via SDS-PAGE analysis (Fig. 

S1) (30). Furthermore, Western blot analysis for immunodetection of the protein using 
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rabbit-anti-His antibody (rabbit monoclonal, clone RM146, Sigma Aldrich) and anti-

rabbit antibody [anti-rabbit lgG (whole molecule) – alkaline phosphatase antibody 

produced in goat, Sigma Aldrich] was performed (Fig. S1).  

For in vivo chitinase tests of Chi2A on fungi, the cytosolic fraction was incubated for 1 

h at 4°C with Ni2+-NTA-Agarose beads (Qiagen, Hilden) under gentle shaking. Then, 

the beads-protein solution was loaded onto a column and the flowthrough was 

collected followed by two washing steps with phosphate washing buffer (40 mM 

Imidazole). Protein elution from the beads occurred using a 5 mM phosphate elution 

buffer containing 50 mM EDTA, instead of imidazole, to reduce side effects on fungi 

when applying the purified protein.  

 

 

Nano Differential Scanning Fluorimetry (nanoDSF) 
NanoDSF, a modified version of differential scanning fluorimetry, is a label free 

technique using the intrinsic fluorescence of the aromatic amino acids tryptophane and 

tyrosine to determine protein folding and stability (31, 32). To determine the stability of 

the purified Chi2A over time, Prometheus NT.48 (NanoTemper) was used with 

standard capillaries (NanoTemper). For that purpose, the protein sample was set up 

to a concentration of 0.3 mg/ml for every measurement and loaded into capillaries 

which were then heated with a laser inside the machine leading to unfolding of the 

intact protein and therefore provides accessibility of the intrinsic aromatic amino acids. 

The increasing fluorescence was then measured at 320 nm and 350 nm, determining 

Tm as point where half of the protein is unfolded. The measurement was performed 

from 20°C to 90°C with a temperature raise of 1.5°C/min. Chi2A stability was measured 

over a period of 14 d of storage at 4°C.  

 

Chitinolytic activity of Chi2A 
A chitinolytic activity of P. luminescens Chi2A has not been experimentally 

demonstrated so far. Therefore, chitin degrading capability of the purified Chi2A was 

tested by spotting 20 µl of 0.3 mg/ml protein solution in the middle of colloidal chitin 

agar plates [0.02% (w/v) peptone, 0.05% (w/v) KCl, 0.1% (w/v) K2HPO4, 0.5% (w/v) 

MgSO4, 0.5% (w/v) dried colloidal chitin, 1.5% agar (pH 7.0)] and incubated for 5 d. 

Colloidal chitin was prepared according to a modified protocol described earlier (14). 

The plates were then stained using iodine-potassium iodide solution (Lugol’s iodine; 
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Carl Roth, Karlsruhe). Briefly, the plates were covered with Lugol’s iodine solution, 

incubated for 30 min, and washed with H2O. Degradation of chitin became visible as 

unstained halo around the spot of application. Further, the purified protein was tested 

on inhibition of fungal growth on phytopathogenic F. graminearum. For that purpose, a 

fungal agar plug with a diameter of 0.9 mm was placed in the middle of a YMG agar 

plate and was then incubated for 3 d at 26°C, 20 µl of purified protein (0.3 mg/ml) were 

spotted right next to the fungal plug. The same amount of elution buffer was spotted 

on the other side of the plug as control. Additionally, fungal spore germination in soft 

agar plates was analyzed in presence of Chi2A. One layer of YMG agar (10 ml) was 

poured in a petri dish and sterile pipet tips were set upside down on top of the solidified 

agar. After that, minimal medium soft agar [0.00025% (v/v) biotin, 1x nitrate salts, 

0.001% (v/v) thiamine, 0.001% (v/v) X trace elements, 0.8% agar] containing F. 

graminearum spores was poured on top of the YMG agar. After solidification pipet tips 

were removed in order to obtain wells in which 50 µl Chi2A or buffer were pipetted. 

Fungal growth and spore germination was monitored over time.  

 

Fungal hyphae colonization assays 
To investigate whether P. luminescens colonize hyphae of F. graminearum, the 

organisms were co-cultivated and analyzed using fluorescence microscopy as 

described elsewhere (32). For that purpose, fluorescently labeled P. luminescens cells 

(carrying a chromosomal Ptac-mCherry promoter fusion and constitutively expressing 

mCherry) were used to determine colonization of fungal hyphae. A plug of YMG agar 

[1.5% (w/v) agar; 60 μg/ml kanamycine] was poured onto an object slide, on which a 

piece of F. graminearum (Ø 2 mm) was placed. P. luminescens 1°::pPINT-Ptac-

mCherry and 2°::pPINT-Ptac-mCherry overnight cultures were adjusted to an OD600 of 

1.0 and 1 μl of the cell suspension was spotted onto the F. graminearum plug. The 

object slide was then placed into a sterile petri dish with wet filter paper and sealed 

with parafilm, and then incubated at 26°C. The object slides were analyzed for the 

presence of the bacteria on the fungal hyphae after 24 h and 48 h using a Leica DMi8 

microscope using bright field and fluorescence microscopy. A filter for Texas red 

fluorescent dye with an excitation between 540-580 nm and an emission of 592-668 

nm was used to observe mCherry tagged cells. Images were recorded and 

postprocessed using the “Leica LAS-X” software. 
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Insect pathogenicity assays 
Pathogenicity towards insects was studied to investigate, whether deletion of chi2A 

and cbp has an influence on pathogenicity of P. luminescens. For that purpose, 

overnight cultures of the respective P. luminescens strains were adjusted to an OD600 

of 1.0 (~1*109 cells) and further serial dilutions were prepared. Right before injection, 

fifth instar larvae of Galleria mellonella were numbed by placing them on ice and 

superficially sterilized with 80% (v/v) ethanol. Infection was performed by injecting 20-

2.000 cells into the last leg segment of the G. mellonella larvae. For each experiment, 

five larvae were infected and incubated at 30°C. LB was used as negative and P. 

luminescens 1° and 2° wild type strains as positive controls. Pathogenicity and red 

pigmentation of dead larvae were analyzed after 24, 48 and 72 h. Three biological 

replicates were performed. 

 

Results and Discussion 

P. luminescens harbors three GH18 family exochitinases with a conserved 
catalytic site 
A bioinformatic analysis revealed that the P. luminescens DJC genome harbors three 

genes coding for putative chitinases (chi2A, chi2B, chi2C) belonging to the glycoside 

hydrolase family 18 (GH18) (Fig. 1A). GH18 chitinases are widely distributed in nature. 

They catalyze the degradation of β-1,4-glycosidic bonds in polysaccharides like chitin 

(34, 35). Both, chi2B and chi2C, form a cluster together with TC-toxin related genes 

(Fig. 1B), which was defined as pathogenicity island and found to be important for 

insect pathogenicity of P. luminescens and Yersinia entomophaga (36). The Chi2A 

encoding gene is situated in a different locus and was not speculated to be involved in 

insect pathogenicity before. Indeed, the promoters of chi2A and stlA are located within 

the same genomic region in opposite direction and therefore expression of both genes 

might be differentially regulated (Fig. 1B). StlA is a phenylalanine ammonia-lyase 

involved in the production of the fungicidal stilbene, that is produced by P. luminescens 

1° cells (37), suggesting the involvement of GH18 family chitinase Chi2A in another 

inhibitory process towards fungi. It seems that both stlA and chi2A might be differently 

regulated in both phenotypic cell forms of P. luminescens as stlA is only upregulated 

in 1° cells (11) and chi2A in 2° cells, especially in the presence of PRE (14). PHYRE2 

predictions of all three putative chitinases reveals different putative protein tertiary 

structures (Fig. 1C), and further comparison of the HMM logos with the chitinase of S. 



 76 

marcescens and Y. entomophaga (38) reveals a triosephosphate isomerase (DxDxE) 

conserved motif (39) in the catalytic domain of all three GH18 of P. luminescens (Fig. 

1D). This conserved motif is described to catalyze the hydrolytic reaction in chitin 

degradation (34, 35). In particular, the first aspartate in the motif (in italics) is described 

to be essential for catalytic activity (39), which is also present in all three chitinase 

encoding genes of P. luminescens and therefore suggesting chitinolytic activity for all 

of them. 

 

Chi2A and CBP are involved in antifungal activity of P. luminescens 2° cells 
PGPRs such as Pseudomonas fluorescens were described to inhibit growth of 

phytopathogenic fungi (40). Also, for a chitinase isolated from S. marcescens 

antifungal activity was observed (19). In P. luminescens comparative transcriptome 

analysis revealed two genes, chi2A and cbp, to be highly upregulated in presence of 

PRE. Moreover, 2° cells displayed a highly fungicidal activity against phytopathogenic 

F. graminearum (14). To determine whether Chi2A and/or CBP are involved in 

chitinolytic activity of P. luminescens 2° cells, chi2A and cbp deletion mutants were 

generated, and fungal growth inhibition assays were performed. Deletion of chi2A as 

well as cbp led to a total loss of antifungal activity in P. luminescens 2° cells (Fig. 2A) 

indicating that chitinase Chi2A is involved in antifungal activity of 2° cells. Furthermore, 

when lacking the chitin binding protein CBP, 2° cells were not able to degrade the 

fungal hyphae, suggesting an important role of CBP in antifungal activity of P. 

luminescens. Usually, chitinase genes harbor a CBP domain essential for enzymatic 

activity, which is not the case for P. luminescens Chi2A. Indeed, also in Vibrio spec. it 

was shown that so called truncated chitinases without a CBP domain were still able to 

degrade chitin. However, these truncated chitinases were not able to directly bind the 

polymer (41), making CBP an essential part in the first step for the enzymatic activity 

of chitinases. Other studies confirmed a CPBs role in chitin degradation (42). Here, the 

loss of antifungal activity of cbp deletion mutant of P. luminescens 2° points out the 

synergistic work between Chi2A and CPB in the bacterial antifungal activity. 

Additionally, P. luminescens chi2A and cbp deletion mutant strains were 

complemented by using integration vector pPINT with Ptac upstream of the respective 

genes. Our experiment showed that the complementation (P. luminescens 2° ∆chi2A 

+ pPINT-Ptac-chi2A and ∆cbp + pPINT-Ptac-cbp) restored the wildtype phenotype, by 

inhibiting fungal growth (Fig. 2B) indicating that Chi2A and CPB are responsible for the 
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P. luminescens 2° antifungal activity. Additionally, in vivo experiments revealed 

antifungal activity of Chi2A since both E. coli and P. luminescens 1° cells that express 

chi2A inhibited the growth of F. graminearum (Fig. 2C and 2D). However, the effect 

observed for E. coli BL21 expressing chi2A was weaker than for P. luminescens. This 

might be due to the fact that E. coli does not produce a CBP triggering the chitinolytic 

activity of Chi2A. Moreover, an inhibitory effect on fungal growth when overexpressing 

cbp could be observed, indicating that P. luminescens CBP is also involved in chitin 

degradation as it was described for CBPs of Vibrio spec. (42), so that CBP could bind 

the chitin mediating better access to Chi2A, which then degrades the polymer.  

These data indicate that Chi2A and CBP of P. luminescens are both involved in 

antifungal activity of P. luminescens 2° cells. Hence, Chi2A is the main actor in 

hydrolyzing fungal chitin, while the CBP is essential in binding the chitin giving chitinase 

more accessibility to fully degrade the fungal cell wall. 

 
Chi2A is a stable exoenzyme with chitinolytic activity inhibiting fungal growth 
To further determine chitin digesting activity of Chi2A, chitinolytic activity of purified 

Chi2A was performed. For that purpose, heterologous overexpression of chi2A and 

protein purification was performed (Fig. S1). First, purified Chi2A was applied on agar 

plates containing colloidal chitin. Chitin was successfully degraded, showing a halo 

around the application site after staining with Lugol’s iodine solution compared to the 

buffer control (Fig. 3B) thus suggesting that Chi2A hydrolyses chitin. After 7 d of 

storage at 4°C the protein still exhibited chitinolytic activity (Fig. 3B). Furthermore, the 

protein also inhibited the growth of F. graminearum after 14 d storage: the fungal 

hyphae was degenerated at the application site, inhibiting hyphae production as well 

as spore germination (Fig. 3C). In summary, these data confirm chitinolytic activity of 

Chi2A, showing inhibitory effects against fungi. Additionally, nanoDSF measurements 

showed that the protein started to unfold at 46°C, designated as the onset point (TON). 

The inflection point at 54°C indicated the moment, where half of the protein appeared 

unfolded and is equal to TM, (measured for all the samples also after 14 d) confirming 

high stability of the protein and long-term activity of Chi2A (Fig. 3A). The temperature 

tolerance observed here, and the long-term storage capability are optimal 

characteristics for an exoenzyme thus indicating a high potential to Chi2A to be used 

in innovative agriculture application. 
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Chitinase Chi2A is not involved in insect pathogenicity 
The catalytic domain of all three chitinases in P. luminescens reveals putative 

degrading activity against chitin. Additionally, chi2A was highly upregulated in the 

presence of PRE in P. luminescens 2° cells (17) and contrary to the others, the 

corresponding gene is not located adjacent to a pathogenicity island responsible for 

insect killing, indicating that it is not involved in this biological process. Therefore, we 

performed insect pathogenicity assays with P. luminescens 1° and 2° ∆chi2A and 

∆cbp, respectively, to determine whether the respective proteins are involved in 

pathogenicity against the larvae. Deletion of chi2A did not affect virulence of P. 

luminescens against G. mellonella since 1° and 2° (mutants and WT) cells killed the 

larvae effectively within 24-48 h (Fig. 4). These results reveal that Chi2A is a third 

chitinase of P. luminescens playing an important role in other pathogenic processes 

different from those described for the other two exochitinases. Furthermore, we could 

demonstrate that bacteria lacking cbp have an impaired pathogenicity towards insects. 

While 20-2.000 P. luminescens WT cells usually kill the insects within 24 h, for the cbp 

deletion mutant pathogenicity was delayed since the cells needed 48 h to kill all the 

larvae. Furthermore, only 20 P. luminescens ∆cbp cells were not sufficient to exhibit 

pathogenicity against G. mellonella (Fig. 4). Therefore, we can conclude that CBP must 

be indirectly involved in exhibiting full pathogenicity against the insects but, however, 

it is not essential. Therefore, it could be possible that an interplay between CBP and 

the Chi2B and Chi2C chitinases is important for insect killing by accelerating insect 

tissue digestion.  

 

P. luminescens 2° cells colonize hyphae of phytopathogenic F. graminearum 
P. luminescens 2° cells inhibited the growth of phytopathogenic F. graminearum with 

direct contact (14). For Pseudomonas fluorescens, colonization of fungal hyphae of 

plant pathogenic Fusarium oxysporum was described (33). Therefore, F. graminearum 

was co-cultivated with fluorescently labelled P. luminescens cells to detect whether the 

bacteria directly colonize the fungal hyphae. Indeed, the bacterial cells surrounded the 

hyphae in large cell clumps indicating direct hyphae colonization by contact, which 

might be a first step of competition and antifungal activity displayed by P. luminescens 

2° cells (Fig. 3D). Moreover, colonization occurred especially in regions with freshly 
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grown mycelia. Therefore, we conclude that P. luminescens 2° cells can directly 

colonize the hyphae of F. graminearum. For P. luminescens 1° cells instead, which are 

not able to inhibit fungal growth upon direct contact (14), no attachment to fungal 

hyphae was observed (Fig. 2D), suggesting an alternative, phenotypic dependent way 

of P. luminescens 1° to inhibit fungal growth. Therefore, we suggest two fungal growth 

inhibition strategies: 1° cells produce metabolites with fungicidal activity (12, 43), while 

2° cells react to fungi with chitinolytic enzymatic activity after direct contact, whereby 

colonization of the bacteria on the fungal hyphae are essential. 

 

P. luminescens 2° cells protect plants from F. graminearum plant infection  
We showed that P. luminescens 2° cells specifically exhibit chitinase activity and 

thereby degrade the fungal cell wall inhibiting their growth. In order to determine 

whether P. luminescens can protect plants from fungal infection, we performed in 

planta experiments. For that purpose, S. lycopersicum seeds were treated with the 

respective P. luminescens strain prior germination and after sowing them on 

vermiculite in pots. The plants were grown for 40 d, whereupon phytopathogenic F. 

graminearum was applied along the plants’ stem and treated again with the respective 

bacteria. Plants displaying lesions, which were not able to further grow upon fungal 

colonization were designated as sick (S), whereas plants not affected by F. 

graminearum and displaying no lesions were designated as healthy (H) (Fig. 2B). 

Application of 2° wildtype cells on the plants showed an effective inhibition of F. 

graminearum infection as 93% (P < 0.01) of the plants were healthy upon treatment. 

Indeed, the fungus was not able to colonize and the plants were able to grow healthy, 

suggesting that 2° cells protect them from fungal infection. This was not observed for 

the control plants treated with MS-medium or 1° wildtype cells (Fig. 5). In both control 

groups F. graminearum formed hyphae along the application site colonizing the plant 

leading to lesions thereby weaking the plants. Indeed, the plant survival rate was at 

0% (P < 0.01) for both, thus suggesting a specific biocontrol activity restricted to P. 

luminescens 2° cells. Furthermore, P. luminescens 2° ∆chi2A and ∆cbp strains, which 

already showed reduced fungal growth inhibitory activity, were also tested for plant 

protecting ability. Indeed, both mutants could not successfully protect the plants from 

F. graminearum infection since only 7% (P < 0.01) and 13% (P < 0.05) of the plants 

treated with 2° ∆chi2A or ∆cbp, respectively, were protected from F. graminearum 

colonization and remained healthy (Fig. 5). To sum up, these data further suggest 
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chitinolytic activity of P. luminescens 2° as an essential weapon to inhibit fungal growth 

to protect plants, assigning 2° cells as effective biocontrol agent in agriculture. 

 
Conclusion 
It is important to further investigate microorganisms with a potential biocontrol 

capability that efficiently protect plants from disease especially in agriculture but do not 

affect the soil borne microbiome. In this study, we could demonstrate the ability of P. 

luminescens 2° cells to function as biocontrol agent against phytopathogenic fungi 

since the bacteria effectively prevented plant infection by F. graminearum. It seems 

that P. luminescens uses different strategies to effectively inhibit fungal growth based 

on their phenotypic appearance. While only P. luminescens 1° cells are known to 

produce secondary metabolites, of which some with fungicidal activity (e.g., IPS), here 

we could show that 2° cells instead need a direct contact to affect the fungi. As a first 

step P. luminescens 2° cells colonize the fungal hyphae, then chitin binding protein 

CBP binds chitin in the cell wall of phytopathogenic F. graminearum, where chitinase 

Chi2A putatively degrades the cell wall, thus inhibiting fungal plant infection. This 

process might be enhanced by PRE that are putatively sensed by a receptor regulating 

chi2A and cbp expression (Fig. 6). For P. luminescens Chi2A not only chitinolytic, but 

also fungicidal activity was observed, which is necessary for plant host protection, 

advising a role to Chi2A of P. luminescens 2° cells in the use as biocontrol active 

compound in agriculture for plant protection. Furthermore, CBP is very essential for 

chitinolytic activity: both, Chi2A and CBP of P. luminescens are synergistically 

employed and might be used to achieve a maximum degradation of phytopathogenic 

fungi by the microorganisms. CBP also synergistically acts with Chi2B and Chi2C and 

seems to play a role also in insect pathogenicity putatively enhancing activity of the 

involved chitinases (Fig. 6). Furthermore, plant seed germination and plant growth are 

generally not affected by P. luminescens. Since 2° cells could prevent fungal infection 

on plants, we suggest the use of P. luminescens 2° cells in biocontrol as pre-treatment 

of plant seeds as well as on growing plants to prevent the fungal colonization in the 

future.  
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Tables 
 
Table 1: List of primers used in this study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Primer name Sequence 5’  3’ 
FA cbp fw EcoRI TGAGAATTCGCGCTATTTCAAGCAATGGT 

FA cbp re ovl FB CCTGAGCTTTACATAATAGCGTCCTCCAC 

FB cbp fw ovl FA AAGCTCAGGCCTGCTTGATATTTGGTACA 

FB cbp re EagI CATCGGCCGCTAGTGCAACAAGCAGCAGA 

FA chi2A fw BamHI GAGGGATCCCCATATATAACCTCTCCTGA 

FA chi2A re ovl FB CCTGAGCTTGACATAAATCACCTCGACTAG 

FB chi2A fw ovl FA AAGCTCAGGCATAATTAATTAAGCCAAGCCAC 

FB chi2A re EagI TGACGGCCGGTTGGAATTTCACTGCGCAG 

Ptac fw PstI GAGCTGCAGTCGATGGTGTCAACGTAAAT 

Ptac re ovl gene  AAGCTCAGGCCACACATTATACGAGCCGA 

cbp fw ovl Ptac CCTGAGCTTATGTATAAACATAAAGTGAAAGTG 

cbp re EagI TGACGGCCGTCAAGCAGGGCTAATTGTTG 

chi2A fw ovl Ptac CCTGAGCTTATGTCAAAAATAATCCAGACAG 

chi2A re EagI GAGCGGCCGTTATGCAATTTTTACCCAAGG 

cbp fw NdeI_pET16b GAGCATATGATGTATAAACATAAAGTG 

cbp re XhoI__pET16b TAGCTCGAGTCAAGCAGGGCTAATTGTTG 

chi2A-N6xHis fw XmaI_pBAD24 GCGCCCGGGATGCATCATCACCACCACCATTCAA

AAATAATCCAGACAGA 

chi2A re XbaI_pBAD24 GAGCGGCCGTTATGCAATTTTTACCCAAGG 
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Figures 
 

 
Figure 1: P. luminescens harbours three genes encoding exochitinases. Protein 
sequence analysis of chitinases Chi2A, B and C. (A) Pfam database reveals a 
glycoside hydrolase family 18 domain, usually found in enzymes involved in chitin 
degradation. (B) Gene loci encoding the chitinases. On the right chi2b, chi2c form a 
gene cluster with Tc-toxin encoding genes tccA2, tccB2 and on the left chi2A located 
in a different gene locus downstream to stlA. (C) Protein tertiary structure prediction of 
all three chitinases Chi2A, B and C of P. luminescens was performed by Phyre2 (22). 
(D) Profile HMM logos created via HMMER using HmmerWeb version 2.41.2 [20] 
highlighting the triosephosphate isomerase motif DxDxE found in all three chitinases 
Chi2A, B and C. On the right: in particular the first aspartate (in italics) is highly 
conserved also among different microorganisms as indicated by the Serratia 
marcescens chitinase HMM logo (on the right side).  
 
  



 86 

 
Figure 2: Fungal growth assays using P. luminescens and E. coli expressing 
chi2A or cbp against phytopathogenic F. graminearum. P. luminescens wildtype 
(WT), chi2A and cbp deletion mutant strains and E. coli BL21 strains expressing chi2A 
or cbp were tested for antifungal activity against F. graminearum. (A) Effect of chi2A 
and cbp deletion on antifungal activity of P. luminescens 2°. (B) Complementation of 
chi2A and cbp using integration vector pPINT restored WT phenotype in the respective 
mutants in 2° cells. (C) Antifungal activity of E. coli BL21 (DE3) cells heterologously 
expressing chi2A and cbp. Anti-fungal activity was not observed for E. coli controls with 
the empty expression vectors pBAD24 and pET16b. (D) P. luminescens 1° WT cells 
overexpressing chi2A and cbp, respectively, using the respective pPINT integration 
vectors. X: application site of the fungal agar plug; square: application area of the 
respective P. luminescens strains surrounding the fungus. The pictures represent data 
of least three independently performed experiments with similar outcome. 
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Figure 3: Chitinase Chi2A is a stable exoenzyme degrading chitin and fungal cell 
wall. Stability and activity of purified Chi2A. (A) nanoDSF analysis of Chi2A shows 
protein stability over the measured time points of 0, 7 and 14d. The upper graph 
represents emission ratio of intrinsic tryptophane (iTrp) fluorescence at 350 and 330 
nm. The lower graph represents the 1st derivative of the ratio curve. The maximum 
peak (TM in light grey) represents the melting temperature of the protein, where half of 
the protein is denatured, ranging between 54°C and 56°C. The black dotted line shows 
the onset temperature (TON 46°C) where the protein starts to unfold. (B) Chitinolytic 
activity of P. luminescens Chi2A tested on chitin agar plates. On the left panel chitin 
degradation was performed with freshly purified protein (halo ~5.8 cm; ± 0.3 cm P ≤ 
0.05), on the right panel chitin degradation was determined with 7d old (degradation 
halo ~3.9 cm ± 0.2 cm, P ≤ 0.05) purified protein. Buffer control: elution buffer without 
protein was used. (C) Fungal degradation activity of Chi2A on F. graminearum. On the 
left panel, an agar well diffusion assay with F. graminearum spores in soft agar is 
shown. Wells were filled up with buffer and Chi2A and fungal growth was analysed and 
growth inhibition zone was measured (~5 cm ± 0.3 cm; P ≤ 0.05). On the right panel 
Chi2A and buffer were directly spotted on a YMG agar plates with an agar plug 
containing F. graminearum and growth was monitored. All data shown represent one 
characteristic of at least three independently performed experiments. (D) Fluorescence 
microscopy of P. luminescens 2° cells tagged with mCherry co-cultivated with F. 
graminearum on sterile object slides with YMG agar pads. 2° cells (in red) colonize 
hyphae of phytopathogenic F. graminearum. The data in (A) and pictures in (B)-(D) 
represent data of least three independently performed experiments with similar 
outcome. 
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Figure 4: Insect pathogenicity of P. luminescens. Insect pathogenicity of P. 
luminescens 1° and 2° wild type (WT) and ∆chi2A and ∆cbp deletion mutants against 
Galleria mellonella. For each strain, 20 to 2.000 cells were injected into insect larvae 
and mortality was recorded at different timepoints after injection. The graphs show the 
larvae survival rate toward time calculated with the log rank method (44) (P ≤ 0.01). 
The plots represent the average survival of at least 15 insect larvae.  
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Figure 5: Plant protection by P. luminescens. Plant protecting ability of P. 
luminescens 1° and 2° wildtype (WT), 2° ∆chi2A, and 2° ∆cbp towards S. lycopersicum 
against phytopathogenic F. graminearum. 2° wildtype cells effectively prevent fungal 
colonization and infection. Ø: negative control (addition MS-medium without bacteria). 
At the lower panel lesions at the stem of S. lycopersicum caused by F. graminearum 
are shown, which was not observed for plants treated with P. luminescens 2°. The 
pictures shown are representative of least three independently performed experiments 
with similar outcome. (B) Evaluation of single plant protection experiment trials 
displaying the number of sick (S), and healthy (H) plants within a trial containing in total 
5 grown plants for each bacterial strain treatment. The total amount of survived plants 
is represented by the sum of sick plants counted as 0 and healthy plants counted as 
1. The survival rate (in percentage) indicates the total number of plants survived 
(showing no lesions) after infection with F. graminearum and treatment with different 
P. luminescens cells (* indicates P < 0.01, and ** indicates P < 0.05). (C) Graphic 
representation of the plant survival rate. Error bars represent standard deviation of the 
three independently performed experiments.  
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Figure 6: Model of the putative P. luminescens chitinases mode-of-action. P. 
luminescens 2° use Chi2B and Chi2C to degrade insect tissue in their infective life 
cycle. As this cell form does not reassociate with nematodes the bacteria are left in the 
soil. A putative plant-derived signal (PRE) might be sensed by a receptor regulating 
the transcription of genes coding for chitinase Chi2A and chitin binding protein CBP. 
P. luminescens 2° Chi2A and CBP act together to inhibit the growth of phytopathogenic 
fungi (e.g.: F. graminearum) and consequently protecting the plant from their infection. 
Seeds treated with P. luminescens 2° cells before germination as well as after fungal 
colonization are more resistant towards the infection. 
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Abstract 
 
In bacteria, group coordinated behavior is often mediated via quorum sensing (QS). In 

inter- and intra-species communication bacteria use small diffusible molecules to 

modulate expression of different genes as biofilm formation or virulence, phenotypes 

that are important to orchestrate the interaction with the host or their persistence in a 

specific environment. The canonical QS systems of Gram-negative bacteria signal use 

N-acyl homoserine lactones (AHLs) that are produced by LuxI-type autoinducer 

synthases for communication. AHLs are sensed by LuxR-type receptors, which act as 

transcriptional regulators controlling the expression of specific target genes. Many 

bacteria harbor LuxR type receptors lacking a cognate LuxI-type synthase, which are 

therefore designated as LuxR solos. Photorhabdus luminescens harbors 40 LuxR 

solos, of which only two contain a putative AHL-signal binding domain: i) PluR, for 

which photopyrones and not AHLs were identified as endogenous QS signal molecule, 

and ii) one SdiA-like receptor, for which neither a respective signaling molecule nor 

specific target genes have been identified yet. In this work, we show that SdiA of P. 

luminescens is involved in regulation of motility and biofilm formation. Using surface 

plasmon resonance spectroscopy, we demonstrate that SdiA acts as bidirectional 

regulator of transcription binding within the promoter region of its own gene as well as 

the adjacent PluDJC_01670 (aidA) gene with high affinity. SdiA showed binding ability 

towards diverse AHLs but also to plant derived signals. Therefore, we suggest that 

SdiA is a main player in interkingdom signaling (IKS) in Photorhabdus-plant interaction. 

 

5.1  Introduction 
 
Like humans or animals, bacteria can communicate with each other to coordinate 

group-coordinated behavior. Bacterial communication employs small diffusible 

signaling molecules in a process designated as quorum sensing (QS) in which the 

group-coordinated behavior is dependent on population density or quorum (Waters 

and Bassler, 2005). The most common and well-studied QS-based communication in 

bacteria is the canonical LuxI/LuxR-type communication in Gram-negative bacteria, 

where acylated homoserine lactones (AHLs) are used for communication, which are 

produced by the autoinducer synthase LuxI and sensed by cognate LuxR-type receptor 

when exceeding a minimal threshold concentration. These receptors usually consist of 

a N-terminal signal binding domain (SBD), which binds the AHLs, and a C-terminal 
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helix-turn-helix (HTH) DNA-binding domain (DBD), which binds DNA and thereby 

modulates the transcription of the respective target genes (Choi and Greenberg, 1991; 

Hanzelka and Greenberg, 1995; Marchler-Bauer et al., 2012). Once AHLs bind to the 

LuxR, the receptor undergoes a conformational change so that the protein exhibits 

higher affinity towards target promoters, therefore constantly affecting expression of 

the respective genes. Furthermore, a positive feedback loop occurs as transcription of 

the cognate luxI is also regulated by LuxR upon signal binding, leading to excessive 

production of AHLs, for which reason these signaling molecules are designated as 

autoinducers (Fuqua et al., 1994, 1996, 2001; Waters and Bassler, 2005). Many 

proteobacteria harbor LuxR type receptors, however, some of them are lacking a 

cognate LuxI synthase, necessary for the synthesis of the autoinducer molecule. Such 

LuxR homologs are designated as LuxR orphans or solos and are widespread among 

proteobacteria (Case et al., 2008; Patankar and González, 2009; Subramoni and 

Venturi, 2009). Many enterobacteria such as Escherichia, Salmonella or Yersinia and 

plant associated bacteria like Pseudomonas, Xanthomonas or Agrobacterium contain 

many LuxR solos (Case et al., 2008). Some of them belong to non-AHL producing 

bacteria and can sense exogenous AHLs or hormone-like signal molecules produced 

by bacteria or eukaryotes (Subramoni and Venturi, 2009). SdiA is a LuxR solo 

transcriptional regulator found in E. coli and Salmonella enterica harboring an AHL-

signal binding domain but lacking a cognate LuxI synthase. For that reason, SdiA was 

suggested to bind exogenic AHLs that are produced by neighboring bacteria (Michael 

et al., 2001). Recent docking studies revealed ability of SdiA to bind long chain AHLs 

with high affinity (Almeida et al., 2016). 

SdiA-homologs are also found in enteric Photorhabdus species i.e., among the 40 

LuxR solos found in insect pathogenic P. luminescens two of them, PluR and SdiA, 

have a typical AHL signal binding domain (Heermann and Fuchs, 2008; Brameyer et 

al., 2014). However, for PluR recent studies revealed a modification in the SBD which 

leads to perception of endogenous α-pyrones (photopyrones) instead of AHLs 

representing a novel cell-cell communication circuit (Brachmann et al., 2013), whereas 

for SdiA in P. luminescens no signal molecule has been identified, yet. So far it is 

known that the SdiA-SBD of P. luminescens shares high homology with known SdiA 

sequences and contains the conserved amino acid motif (WYDPWG) necessary for 

AHL-binding (Brameyer et al., 2014). For similar LuxR-type receptors, which are widely 

distributed in plant associated bacteria like Pseudomonades, a possible sensing of 
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AHL-like signal molecules produced by plant hosts was suggested (Bais et al., 2006; 

Bez et al., 2021). To shed light on the role of SdiA in P. luminescens and its possible 

role as interkingdom receptor, we investigated the effect of SdiA on specific 

phenotypes like motility or biofilm formation and the binding capacity of SdiA to different 

AHLs as well as plant root exudate HPLC fractions. We also identify genes regulated 

by SdiA highlighting the receptor-self modulation and the control of a neighboring gene 

aidA, putatively involved in Photorhabdus-plant interaction. 

 

5.2  Material and Methods 
 
Bioinformatic analysis 
 
Among the 40 LuxR solos found in the genomes of P. luminescens of which two contain 

an AHL-like signal binding domain, we considered SdiA-like LuxR solo PluDJC_01675 

which was already highlighted in a previous analysis (Brameyer et al., 2014). Multiple 

sequence alignment of SdiA with several other AHL-LuxR solos was performed using 

Clustal Omega (Madeira et al., 2019) to identify the signal binding site and the DNA 

binding site motives. Furthermore, the putative tertiary protein structure was predicted 

using SWISS-MODEL (Guex et al., 2009; Bertoni et al., 2017; Bienert et al., 2017; 

Waterhouse et al., 2018; Studer et al., 2020). Lastly, the BLAST tool was used to 

search homologous of aidA (gene upstream of sdiA) in other organisms.  

 
Bacterial Strains and creation of deletion mutants 
 
In this study Photorhabdus luminescens spp. laumondii DJC 1° and 2° wildtype and 

respective mutants were used (Zamora-Lagos et al., 2018). Deletion mutants of 

PluDJC_01675 (sdiA) were obtained through in-frame deletion via double homologous 

recombination. For that purpose, ~500 bp fragments up- and downstream of the 

desired gene were cloned into pNPTS138-R6KT (Lassak et al., 2010) suicide vector 

using primer pairs FA_sdiA_fwd_EagI 

(catCGGCCGATGAATATTAATCGACCATATGCC) + FA_sdiA_rev_ovl_FB 

(CCTGAGCTTTCAGCACAGGCCGGAAATTTAGAAC) for flank A and 

FB_sdiA_fwd_ovl_FB (AAGCTCAGGCCAGGCAATAGCTAAAGCTG) + 

FB_sdiA_rev_SalI (cctGTCGACCCCAAGCTCTGGAAGAATTCCCAT) for flank B for 

deletion of sdiA. Both flanks were fused and inserted into pNPTS138-R6KT using 

respective restriction sites. Finally, the obtained vector was transferred into P. 
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luminescens 1° and 2° cells via conjugation (Thoma and Schobert, 2009; Lassak et 

al., 2010). E. coli BL21 (pLysS) strain was used to heterologous express sdiA. For that 

purpose, recombinant pBAD24-N-6xHis-sdiA vector, in which sdiA expression is under 

control of the inducible arabinose (ara) promoter (Guzman et al., 1995) was generated 

using sdiA-N-6xHis_fwd_XmaI 

(gcgCCCGGGATGCATCATCACCACCACCATAATATTAATCGACCATATGCCTTA) 

+ sdiA_rev_XbaI (gctTCTAGATTATATATAGCCAAGTAATACAGCTT) and inserted 

into pBAD24 using respective restriction sites. Bacterial cultures were inoculated into 

LB medium (1% [w/v] tryptone, 0.5% [w/v] yeast extract, 1% [w/v] NaCl) supplemented 

with or without the respective antibiotics an aerobically cultivated at 30°C or 37°C for 

P. luminescens and E. coli, respectively. If designated kanamycin was added with a 

final concentration of 60 µg/ml and carbenicillin with 100 µg/ml.  

 

 
Motility and Biofilm assays 
 
To test whether LuxR solo SdiA is involved in modulation of motility or biofilm formation 

in P. luminescens, respective swimming, twitching and biofilm assays with ∆sdiA 

deletion mutant in P. luminescens and the isogenic wild type were performed. For that 

purpose, P. luminescens overnight cultures were prepared and OD600 was adjusted for 

the respective assay. For swimming motility 10 µl of an overnight culture with an OD600 

= 0.1 was spotted in the center of swimming agar plates (0.3% [w/v] agar, 1% [w/v] 

tryptone, and 0.3% [w/v] NaCl) and incubated for 24 h at 30°C. The resulting swimming 

halo diameter was measured using ImageJ (https://imagej.nih.gov/ij/). For twitching 

motility 10 µl of an overnight culture with an OD600 = 0.1 was spotted between the 

twitching agar (2% [w/v] agar, 1% [w/v] tryptone, and 0.3% [w/v] NaCl) and the petri 

dish by stabbing the pipette tip through the agar. Plates were incubated for 24 h at 

30°C. Then, the agar was removed from the petri dish, the plates were quickly washed 

with water, and after drying stained with 1% (w/v) crystal violet and incubated for 30 

min. Afterwards the plate was washed twice and dried overnight. The following day, 

twitching motility on the surface became visible as bacteria attached on the surface of 

the petri dish were stained by crystal violet. For quantification of biofilm production, 

biofilm assays were performed (Christensen et al., 1985; O’Toole and Kolter, 1998; 

O’Toole, 2011; Zamora-Lagos et al., 2018). For that, overnight cultures of P. 

luminescens were adjusted to an OD600 of 0.5 in LB and 135 µl per well of the bacterial 
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suspension was pipetted into transparent polystyrene 96-well microtiter plates and 

incubated for 24 h and 72 h at 30° under static condition and supplemented with or 

without PRE to analyze the effect of plant derived signals on biofilm formation of P. 

luminescens. After incubation the liquid phase of the culture and therefore planktonic 

cells were removed by gently washing twice the microtiter plates in a water tub and air-

dried for at least 5 min. For staining the biofilm, 135 µl 1% (w/v) crystal violet solution 

was added to each well and incubated for 30 min at RT. Microtiter plates were then 

washed twice gently to remove excessive crystal violet and subsequently air-dried 

overnight at RT. Biofilm quantification occurred by resuspending the bound crystal 

violet with 135 µl 30% (v/v) acetic acid and monitoring the absorbance at 575 nm using 

Tecan Spark plate reader. 

 

Extraction of plant root exudates (PRE) 
Plant root exudates were collected similar as described in (Regaiolo et al., 2020). 

Briefly, Pisum sativum variant Arvica (Bayrische Futtersaatbau, Ismaning, Germany) 

were grown at 24°C; 16 h light/8 h dark for 2 weeks in vermiculite. 75 plants were 

collected, washed, and put into vessels with 250 ml sterile ddH2O (for hydrophilic 

compounds) or methanol (for lipophilic compounds) under continuous shaking for 16 h. 

The solutions were then sterilized by filtration and stored at 4°C in the dark until use. 

 
Heterologous overexpression of sdiA and protein purification  
 
Heterologous expression of sdiA was carried out in E. coli BL21 pLysS strain carrying 

the recombinant vector pBAD24-N-6xHis-sdiA. 6xHis codon was N-terminally added 

to the gene via PCR and the resulting construct was inserted downstream of the Para 

in the expression vector pBAD24. For protein production an overnight culture of E. coli 

BL21::BAD24-N-6xHis-sdiA cells was prepared and 1 l of LB medium supplemented 

with the respective antibiotic was inoculated at an OD600 = 0.1 and incubated at 37°C 

at 150 rpm. Once the OD600 of the cells reached 0.4, gene expression was induced by 

adding 0.1% (v/v) L-arabinose to the culture and bacteria were further aerobically 

cultivated at 30°C for 3 h. Cells were then harvested by centrifugation for 30 min at 

4,500 rpm at 4°C, whereupon the pellet was resuspended in Tris lysis buffer (50 mM 

Tris/HCl, 300 mM NaCl, 5 mM imidazole, 0.5 mM PMSF, 2 mM DTT, pH 7.5). Then 

the cells were lysed using a French press running three cycles at 1.35 kBar. Cell debris 

were removed by centrifugation at 4,500 rpm at 4°C for 15 min. Afterwards, the 
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cytosolic fraction was recovered via ultracentrifugation at 45,000 rpm and 4°C for 45 

min. Then, the cytosolic fraction was incubated under gentle shaking at 4°C with Ni2+-

NTA-Agarose beads (Qiagen) for purification. After 1 h of incubation, the bead-protein 

solution was loaded onto a column, then the beads were washed twice using 15 ml 

Tris-washing buffer (50 mM Tris/HCL pH 7.5, 10% glycerol, 300 mM NaCl, 40 mM 

Imidazole). SdiA was eluted using Tris-elution buffer (50 mM Tris/HCL pH 7.5, 10% 

glycerol, 300 mM NaCl, 250 mM Imidazole), where 6x 500 µl of the proteins were 

collected. To check for successful SdiA production, SDS-PAGE according to (Laemmli, 

1970) and Western Blot analyses using rabbit-anti-His antibody (rabbit monoclonal, 

clone RM146, Sigma Aldrich) and anti-rabbit antibody (anti-rabbit lgG (whole molecule) 

– alkaline phosphatase antibody produced in goat, Sigma Aldrich) were performed. 

 

 
Investigating SdiA stability throughout Nano Differential Scanning Fluorimetry 
(nanoDSF) 
 
NanoDSF is a microscale label free approach for rapid and easy detection of protein 

stability using the intrinsic aromatic amino acids (AA) tryptophane and tyrosine to 

determine protein folding and stability (Niesen et al., 2007; Alexander et al., 2014). 

Here, we analyzed stability of 6His-SdiA after purification and we tested the influence 

of several compounds such as AHLs (10 nM C4-AHL, 10 nM C12-AHL), 3.3% (v/v) PRE 

and their respective HPLC-separated fractions on protein stability. For that, the protein 

sample was adjusted to a concentration of 0.3 mg/ml and loaded into capillaries which 

were placed into Prometheus NT.48 (NanoTemper 

https://nanotempertech.com/prometheus/) device for the nanoDSF measurements. 

The measurements were performed in a temperature range between 20°C and 90°C 

with a temperature slope of 1.5°C/min. The resulting data were analyzed using the 

PR.ThermControl software (https://nanotempertech.com/prometheus-pr-thermcontrol-

software/). 

 
Investigating DNA-binding capacity of SdiA through Surface plasmon resonance 
(SPR) spectroscopy 
 
SPR analysis allows real-time detection of different types of biomolecular interactions, 

where bindings, specificities, kinetics, and affinities can be determined. Here, we 

performed SPR analysis using Biacore T200 (Cytiva, Freiburg) and precoated SA 

sensor chips (Xantec Bioanalytics GmbH, Düsseldorf), where streptavidin is covalently 

https://nanotempertech.com/prometheus/
https://nanotempertech.com/prometheus-pr-thermcontrol-software/
https://nanotempertech.com/prometheus-pr-thermcontrol-software/
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attached to a carboxymethyldextran matrix on a surface. To test whether SdiA binds 

to selected promoter regions, respective DNA fragments were 5’biotinylated and 

amplified via PCR from P. luminescens DJC gDNA. To achieve ~180 bp fragments of 

each, [Btn]-PsdiA, [Btn]-PaidA, [Btn]-PfliE, respective primer pairs [Btn]-PsdiA fwd + PsdiA 

rev, [Btn]-PaidA fwd + PaidA rev and [Btn]-PfliE fwd + PfliE rev were used (Table 1). Chip 

equilibration occurred by injection of 90 µl 1 M NaCl/50 mM NaOH at a flow rate of 10 

µl/min for three times. Then, 40 nM of the respective biotinylated promoters were 

injected with a contact time of 420 s at a flow rate of 10 µl/min and immobilized on the 

SA chip. The first out of four flow cells of the chip was kept free and used as blank for 

subtraction of bulk refractive index background for data evaluation. 

For analyzing binding kinetics, different concentrations (1.5625 nM, 3.125 nM, 

6.25 nM, 12.5 nM, 2 x 25 nM, 50 nM, 100 nM, 200 nM) at a final volume of 150 μl for 

each dilution of SdiA were prepared in HPS-EP+ buffer [0.01 M HEPES pH 7.4, 0.15 

M NaCl, 3 mM EDTA, 0.005% (v/v) Tween-20, filtered and degassed]. Additionally, 

SdiA binding properties to the different promoters were tested under the influence of 

PRE and the respective controls. The run started with an injection time of 180 followed 

by a dissociation time of 420 s at flow rate of 30 µl/min. Between every cycle the chip 

surface was regenerated by first injecting 2.5 M NaCl for 30 s at a flow of 60 µl/min 

followed by 0.5% (w/v) SDS for 30 s at a flow of 60 µl/min. The resulting sensorgrams 

were recorded using the Biacore T200 3.2 control software and analyzed with the 

Biacore T200 3.2 evaluation software to determine the binding affinity (KD) as well as 

association (ka) and dissociation rates (kd) of SdiA to the tested promoters setting a 1:1 

binding algorithm. 

 
Table 1: Oligonucleotides used for amplification of biotinylated DNA for SPR analysis 
Primer Name Sequence 5’ 3’ 

[Btn]-PsdiA fwd [Btn]-GATTATTAGGATTTCAATCCTATTGATAT 

PsdiA rev TCAATGTCCTCTTGAAAATTAAG 

[Btn]-PaidA fwd [Btn]-GACACCTCTTTACATATTTAAACTATT 

PaidA rev CTATATGAAGCAATACCTAATAAATATATG 

[Btn]-PfliE fwd [Btn]-GTCATTATTCGCTGTTCACTC 

PfliE rev AAAAACCTCGTGTTAAACCAC 
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Preparative High-performance liquid chromatography (HPLC) 
 
To determine putative plant derived signal molecules binding to SdiA PRE (20 mg/ml 

in acetonitrile) were fractionized into 48-well plates via preparative HPLC on an Agilent 

LC system using LiChrospher 100 RP18 (125 x 4 mm, 5μm) column at 40°C. A linear 

gradient starting from 1% (v/v) acetonitrile to 99% (v/v) acetonitrile in 25 min and then 

maintaining 100% (v/v) acetonitrile for 3 min was used at a flowrate of 1 ml/min. 

Injection volume of the sample was 20 µl/run. Plates were dried to remove residual 

acetonitrile and stored at -20°C until further use. 

 
 

5.3  Results and Discussion 
 

Bioinformatic analysis of SdiA 
SdiA is a LuxR family transcriptional regulator containing a N-terminal AHL signal 

binding domain (SBD) and exists in Gram-negative bacteria like E. coli (Ahmer, 2004), 

and is also found in entomopathogenic P. luminescens (Brameyer et al., 2014). 

Although SdiA of P. luminescens harbors the six conserved amino acid (AA) 

WYDPWG-motif (Fig. 1A) (Brameyer et al., 2014) essential for binding AHLs, a 

respective signaling molecule has not been identified yet. Before starting different 

experimental approaches with SdiA, protein sequence was analyzed and compared to 

other AHL-LuxR solos occurring in different bacteria. Indeed, the SBD of SdiA harbors 

in total 10 AA important for binding AHLs. Throughout the clustal alignment analysis 

we observed the conserved WYDPWG-motif present in all analyzed AHL-LuxR 

receptors shaping the basic structure of the ligand-binding pocket (Fig. 1A and B 

[marked in cyan]). However, the other 4 AAs in the essential part of the SBD vary 

between the different LuxRs (Fig. 1B [highlighted in orange]), very likely resulting in 

an altered shape of the ligand-binding pocket, putatively making the specificity towards 

different signaling molecules (Covaceuszach et al., 2013; Bez et al., 2021). These 

variations also occur between the SdiAs of different organisms, i.e., at position (3) (Fig. 
1B) Tyr73 of SdiA in P. luminescens is substituted with Phe76 in E. coli. Interestingly, 

variations in these regions in LuxRs of plant associated bacteria were reported, 

whereupon these differences suggested specificity towards different molecules 

including plant-derived compounds (González et al., 2013; Coutinho et al., 2018; Bez 

et al., 2021). P. luminescens harbors a gene upstream of sdiA coding for 
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PluDJC_01670 (AidA), a protein containing a PixA domain, similar to AidA2, found in 

plant pathogenic Ralstonia solanacearum. Interestingly, R. solanacearum harbors two 

AidA coding genes (here named aidA2 and aidA1), both located upstream of solR, 

which codes for an AHL-LuxR strongly regulating expression of both aidA genes 

(Flavier et al., 1997; Meng et al., 2015). Although the orientation of aidA and sdiA in P. 

luminescens differs from the aidA-solR cluster in R. solanacearum, we assumed that 

aidA expression is also regulated by SdiA in P. luminescens as the genes share a 

310 bp long intergenic promoter region (Fig. 1C). This intergenic region contains 

putative lux-box like motifs (data not shown), which are known to be important for DNA-

binding of LuxR-type receptors (Antunes et al., 2008). Furthermore, BLAST analysis 

revealed similarity of about 27% between AidA of both bacteria. Therefore, it is obvious 

that AidA could be somehow involved in host colonization of P. luminescens, similar 

as described for R. solanacearum (Meng et al., 2015). Interestingly, similar sdiA-aidA 

clusters are found in entomopathogenic P. temperata and human pathogenic P. 

asymbiotica (named sdiA-aidA cluster 2) with a 516 bp and 502 bp long intergenic 

promoter region, respectively. Upstream of this cluster, P. asmybiotica harbors another 

sdiA-aidA cluster (designated as cluster 1) harboring 5 aidA genes (aidA1_1 – 

aidA1_5) (Fig. 1C).  
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Figure 1: Protein sequence analysis of AHL-LuxR solo SdiA (PluDJC01675) of P. luminescens. 
(A) Left panel: Sequence logo motif of the six conserved amino acids (AAs) found in AHL-LuxR receptors 
created with WebLogo3 (Crooks et al., 2004). Right panel: SdiA tertiary structure predicted with SWISS-
MODEL (Guex et al., 2009; Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et 
al., 2020), pointing out the signal binding-pocket of SdiA. The numbers 1, 2, 4, 5, 8 and 9 below the logo 
indicate the position of the six conserved amino acids (WYDPWG) in the SdiA model that are essential 
for AHL binding. (B) Structure-based multiple sequence alignment of the protein sequences of the signal 
binding domains (SBD) of AHL-LuxRs TraR (B9K461) from Agrobacterium tumefaciens (AT), CviR 
(Q7NQP7) from Chromobacterium violacaeum (CV), SdiA (Q7N9K5) from P. luminescens (PL), LasR 
(P25084) from Pseudomonas aeruginosa (PA), SdiA (P07026) from E. coli (EC), SdiA (A0A0H3GS53) 
from Klebsiella pneumoniae (KP), QscR (G3XD77) from P. aeruginosa (PA), and SolR (P58590) from 
Ralstonia solanacearum (RS). The six conserved AAs are highlighted in cyan. In orange the variable 
AAs essential for AHL binding of the proteins are highlighted. The numbers 1 to 10 indicate all AAs 
essential for AHL binding of P. luminescens SdiA in the SWISS-MODEL displayed above. (C) Genetic 
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loci of luxR-aidA cluster identified in the plant pathogen R. solanacearum, P. luminescens, P. temperata 
and human pathogenic P. asmybiotica. The latter one harbors two sdiA-adiA clusters, whereas cluster 
1 contains 5 aidA coding genes. The blue arrow indicates an unknown gene (PAU_RS01255) between 
both sdiA-aidA clusters in P. asymbiotica.  
 

 

Influence of sdiA deletion on motility and biofilm formation 
 

For bacterial host colonization and virulence not only biofilms but also motility through 

swimming and twitching are essential. Especially twitching motility, which is a 

movement driven by pilus extension, attachment, and retraction on viscous or solid 

surfaces, plays a major role in pathogenesis (Mattick, 2002; Hall-Stoodley et al., 2004). 

Indeed, for plant pathogenic R. solanacearum both motility strategies are critical for 

plant colonization and expression of full virulence (Tans-Kersten et al., 2001; Corral et 

al., 2020). For P. luminescens it is known that 2° cells are highly motile compared to 

1° cells and react to PRE, which was suggested to be an important trait for plant 

colonization, although only swimming capacity was considered (Eckstein et al., 2019; 

Regaiolo et al., 2020). Therefore, we first performed twitching motility assays and could 

show that 2° cells display significantly higher twitching ability on solid petri dish surface 

compared to 1° cells (Fig. 2B), an important trait that 2° cells might use to move in the 

rhizosphere.  

Generally, biofilm formation and motility can be regulated among others by LuxR 

mediated QS as it was demonstrated for the LuxR solo SdiA of non-AHL producing 

enteric bacteria like Escherichia, Salmonella, or Klebsiella, influence gene expression 

associated with virulence factors such as biofilm formation or motility (Ahmer et al., 

1998; Kanamaru et al., 2000; Antunes et al., 2010; Sharma et al., 2010; Tavio et al., 

2010; Culler et al., 2018), which is not necessarily mediated upon signal binding 

(Lindsay and Ahmer, 2005; Dyszel et al., 2010; Hughes et al., 2010; Sharma et al., 

2010; Shimada et al., 2014; Nguyen et al., 2015). For that purpose, we analyzed the 

influence of sdiA deletion on swimming and twitching motility as well as biofilm 

formation of P. luminescens. Remarkably, P. luminescens 2° ∆sdiA deletion mutant 

showed a totally impaired swimming as well as twitching capacity in comparison to the 

2° WT (Fig.2 A and B). A similar behavior has already been observed for other bacteria 

like Vibrio and plant pathogenic Acidovora, when deleting the respective luxR-like 

genes (Yang and Defoirdt, 2015; Wang et al., 2016). Furthermore, Yang and Defoirdt 

as well as Wang and colleagues also reported increased biofilm formation upon luxR 
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deletion, which was also described for pathogenic Klebsiella lacking sdiA (Pacheco et 

al., 2021), an effect that we also observed for P. luminescens ∆sdiA. Indeed, the 

mutants displayed an increased biofilm formation of about 67% compared to the WT 

in 2° cells, which was significant only after 24 h of incubation (Fig. 2C, left panel). 
Therefore, from our data we could hypothesize a signal independent regulatory role of 

P. luminescens SdiA positively regulating motility, whereas biofilm formation is 

repressed. It is likely that SdiA plays a role in regulating a switch between a sessile 

and a motile lifestyle in P. luminescens 2°. Interestingly, when deleting sdiA P. 

luminescens displayed similar phenotypes in respect to motility and biofilm formation 

similar to as it was observed when supplementing the wildtypes with PRE. While 

motility of P. luminescens decreased upon exposition towards PRE (Regaiolo et al., 

2020), biofilm formation increased of about 54% (Fig. 2C, right panel). However, this 

effect was only visible after 72 h of incubation. Therefore, from our finding we further 

propose that the regulatory role of SdiA of biofilm and motility only functions in absence 

of signaling molecules. This regulation might be affected in presence of PRE, which is 

in accordance with the finding that LuxR receptor EsaR in Pantoea was only active in 

absence of the respective signaling molecule (Tsai and Winans, 2010). Furthermore, 

researchers also revealed for E. coli SdiA that primarily alteration of the protein 

sequence had more impact on biofilm formation, rather than binding a signal molecule. 

However, a plant derived indole derivative led to altered biofilm formation after binding 

SdiA indicating a negative effect on the regulatory role of the receptor upon signal 

binding (Lee et al., 2007, 2009). Therefore, we could further assume that SdiA is 

involved in interkingdom signaling (IKS) communication in P. luminescens with plants. 

It is likely, that SdiA in its native conformation represses biofilm formation in 2° cells, 

while the receptor acts as activator for motility genes. This regulation is then changed 

once 2° cells are in close proximity to the plants, which are sensed via SdiA. Thereby, 

motility is reduced, while biofilm is putatively induced to colonize the new plant host.  
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Figure 2: Influence SdiA on motility, twitching and biofilm formation of P. luminescens. (A) 
Swimming motility: deletion of sdiA in 2° cells led to significantly impaired motility compared to the 
wildtype (WT), effect not observed for non-motile 1° cells (*,P ≤ 0.05). (B) Twitching motility: at the top 
crystal violet staining of twitched cells adhering on the surface. 2° cells display significantly higher 
twitching ability compared to the wildtype (WT) effect that is also impaired in the 2° ∆sdiA mutant (*, P 
≤ 0.05). The pictures represent one characteristic of at least three independently performed experiments 
with similar outcomes. (C) Biofilm formation: crystal violet stained biofilm was quantified at 575 nm. 
Usually, 1° cells produce significantly more biofilm compared to 2° cells. However, deletion of sdiA led 
only in 2° cells to a significantly increased biofilm formation of about 67% (*, P ≤ 0.05) after 24 h. (D) 
Biofilm formation of P. luminescens 1° and 2° upon 3.3% (v/v) PRE. Significant difference occurs only 
after 72 h of incubation with an increased biofilm of about 54% for 2° cells (*, P ≤ 0.05). The error bars 
represent standard deviation of at least three biological replicates. (E) Biofilm formation. Crystal violet 
staining of P. luminescens DJC. Left panel: 1° and 2° WT and ∆sdiA; right panel: 1° and 2° WT 
supplemented with 3.3% PRE. The pictures represent one characteristic of at least three independently 
performed experiments with similar outcomes. 
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Fractions of PRE and AHLs influence protein stability indicating putative 
signals for the LuxR solo SdiA  
Similar phenotypes with respect to biofilm formation and motility were observed in P. 

luminescens 2° in presence and absence of PRE and the sdiA deletion. Therefore, it 

might be possible that a putative signal sensed by SdiA is present in PRE. To test this 

hypothesis, we performed nano differential scanning fluorimetry (nanoDSF) analyses 

measuring protein stability of purified SdiA in presence and absence of PRE. 

Furthermore, nanoDSF was used i) to exclude possible buffer derived denaturing of 

SdiA during protein purification and ii) to test the protein stability upon PRE as well as 

AHLs, since signal binding to LuxR receptors promotes conformational changes 

influencing protein stability (Whitehead et al., 2001). The measurement showed high 

thermostability of SdiA with an onset point (TON) in average of about 44°C, where the 

protein started to unfold. Furthermore, the inflection point in average at 53.3°C 

indicates the moment, where half of the protein appears in unfolded state and is equal 

to TM (Fig 3A). Control measurement supplementing SdiA with the respective solvent 

that was used to dissolve the AHLs showed a SdiA TM decreased to 46.1°C (Fig. 3A, 
right panel). After establishing a good protein stability, we tested the influence of 

several compounds such as short chain C4-AHL, long chain C12-AHL as well as PRE 

and respective HPLC-fractions on the protein folding properties in order to identify 

possible signal molecules recognized by this receptor. A putative ligand binding to 

LuxR-type receptors leading to conformational changes (Whitehead et al., 2001) 

becomes visible as temperature shift on the protein folding temperature (TM) which can 

be measured. We could observe that both, C4- and C12-AHL, influenced SdiA folding 

temperature (C4-∆TM= -3.9°C and C12-∆TM= +1.6°C), however, upon binding of C12-

AHL SdiA increased in stability, appearing as a ‘right-shifted’ curve with higher TM 

(47.7°C). With C4-AHL SdiA appeared less stable, indicated by the ‘left-shifted’ curve 

with lower TM (42.2°C) when compared to the control protein (Fig. 3A, right panel). 
These data indicate a lower selectivity of SdiA towards different AHLs which is likely 

dependent on the lengths of the acyl chain. Probably, the signal-binding pocket of the 

receptor appears in different conformational states, upon signal binding, putatively 

influencing DNA-binding properties of SdiA. Similarly, for E. coli SdiA it was shown that 

at least derivatives of an AHL were also capable to act as folding switch autoinducers 

for SdiA (Yao et al., 2006). Indeed, our data strengthens the hypothesis, that SdiA 
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signal independent regulatory role is disturbed by signal binding, since we could 

observe unstable conformations of the protein upon putative signal binding.  

Additionally, it is known that plants produce molecules mimicking AHLs, which are 

sensed by e.g. Pseudomonas (Bais et al., 2006; Bez et al., 2021). For that reason and 

to gain insights whether SdiA might bind a plant-derived compound, we tested PRE as 

full mixture and subsequently as well as PRE fractions previously separated through 

HPLC. Indeed, our data indicated a yet unknown compound in PRE that binds SdiA, 

as the protein stability was affected, i.e., fractions B1, C3 and D7 were decreasing the 

SdiA folding temperature (lower TM), which was visible as a ‘left-shifted’ curve 

compared to the SdiA-control (Fig. 3A, left and middle panel). Accordingly, we 

conclude that PRE contain putative signal molecules, which are recognized by SdiA of 

P. luminescens. However, the chemical nature of this plant-derived signal has still to 

be elucidated. At this point various molecules produced by plants could act as signal 

for SdiA. Interestingly, different studies showed that plants secret a variety of derived 

molecules that bind to LuxR regulators. These molecules can either be bacterial AHL-

mimicking compounds (Teplitski et al., 2000), or small molecules that are recognized 

by a subgroup of LuxR solos (Patel et al., 2013). Therefore, we suggest that SdiA 

putatively senses an AHL-like molecule produced by plants. However, some other 

possible candidates of signal molecules binding SdiA are glycerol and respective 

derivatives, which bound to SdiA of EHEC in absence of AHLs (Nguyen et al., 2015). 

Both molecules have also been found to be present in PRE (Regaiolo et al., 2020), 

indicating that P. luminescens SdiA could also detect those molecules as signals. 

Furthermore, it has been shown before that plant-derived indole compounds influenced 

SdiA-regulated gene expression in E. coli (Lee et al., 2007). Interestingly, in recent 

studies plant derived ethanolamine derivatives were shown to bind LuxR a regulator 

from Pseudomonas GM79 that subsequently led to expression of different genes 

(Coutinho et al., 2018). Therefore, all these plant-derived signals are promising 

candidates as signal sensed by P. luminescens SdiA.  

Taken together, we suggest a new IKS communication circuit in P. luminescens, where 

SdiA is involved in communication with plants, whereupon SdiA gene modulation might 

be affected by signal binding due to conformational changes. Our findings suggest that 

it is likely that SdiA undergoes a conformational change, indicated by the temperature 

shifts, upon binding short chain AHL and PRE. Subsequently, dimerization of the 

protein is putatively impaired, resulting in reduced DNA-binding affinity, similar as 
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observed for EsaR of Pantoea stewartii, where AHLs blocked DNA binding capacity 

(Castang et al., 2006; Cui et al., 2005; Minogue et al., 2002; 2005). Hence, since P. 

luminescens displayed similar phenotypes when deleting sdiA or after exposure to 

PRE, we suggest that PRE either affect SidA signal binding or include a signal sensed 

by SdiA. However, it still has to be determined, which plant derived compound binds 

to SdiA, and whether SdiA-DNA-binding capacity is really affected upon signal binding. 

  

 
SdiA binds PsdiA and PaidA with high affinity 
It is well known that LuxR transcriptional regulators undergo conformational changes 

upon signal binding enabling the C-terminal HTH domain to bind their target gene 

promoter within the lux box controlling gene expression (Devine et al., 1989; Stevens 

and Greenberg, 1997). Usually, LuxR receptors also regulate transcription of the 

cognate luxI gene, which is designated as autoinduction (Fuqua et al., 1994). However, 

since SdiA is a LuxR solo lacking a cognate LuxI synthase, we hypothesized that SdiA 

regulates its own promoter region. To validate this idea, and also the hypothesis that 

SdiA regulation is signal independent we first analyzed the binding affinity and binding 

kinetics of SdiA to its respective promoter (PsdiA) via Surface Plasmon Resonance 

(SPR) spectrometry without addition of a putative ligand. Since located in the same 

intergenic region, we also analyzed the binding of SdiA towards the promoter of the 

neighboring gene aidA (PaidA). The gene aidA is located upstream of sdiA and codes 

in the opposite orientation, thus sharing a 310 bp long promoter containing intergenic 

region, both harboring possible lux-box-like motifs. Furthermore, we also analyzed 

binding of SdiA to PfliE as negative control. Within PfliE no lux-box-like motif was found, 

assuming that the promoter sequence cannot be bound by the SdiA-HTH-domain (Fig. 
3B). Remarkably, SdiA showed high affinity binding towards its own promoter (KD = 

27.4 nM) with high association and high dissociation rate (PsdiA - ka = 1.12E+05 1/Ms, 

kd = 3.07E-03 1/s). Interestingly, SdiA bound with a ~3.5x higher association rate to 

the promoter of aidA, however, the protein-DNA complex remained stable with an 

extreme low dissociation rate KD = 4.36 nM (PaidA - ka = 3.92E+05 1/Ms, kd = 1.71E-03 

1/s) (Fig. 3B). This indicates a very strong interaction of SdiA with PaidA, proving our 

hypothesis that SdiA regulates expression of adiA similar to as it was described for 

SolR LuxR of Ralstonia which positively regulates expression of aidA genes required 

for virulence (Meng et al 2015). Additionally, for the SdiA-PaidA interaction we could 
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observe a 1:2 binding stoichiometry indicated by reaching the double Rmax value, which 

is in accordance with the occurrence of two putative LuxR binding boxes in the 

respective region. In contrast for PsdiA with only one putative LuxR binding site, we 

observed a 1:1 binding stoichiometry. According to the different binding kinetics and 

stoichiometry, we conclude that the 310 bp long intergenic region between aidA and 

sdiA acts a bidirectional promoter. Thus, SdiA is capable of bidirectional stimulation of 

transcription of these two oppositely oriented genes similar as it was already described 

for LuxR of Vibrio fischeri stimulating expression of the lux operons (Shadel and 

Baldwin, 1991).  

In order to elucidate whether DNA-binding ability of SdiA is affected in presence of 

putative signaling molecules the binding properties of SdiA towards PsdiA and PaidA was 

investigated in the presence of PRE. Indeed, binding affinity towards both promoters 

was reduced, while association of SdiA towards PsdiA remained similar, dissociation 

from the promoter occurred with a KD = 109 nM faster in presence of PRE (PsdiA - ka = 

1.84E+05 1/Ms, kd = 2.00E-02 1/s) (Fig. 3B bottom left). Similarly, a faster 

dissociation of SdiA from PaidA occurred upon PRE indicated by a KD = 13.3 nM, while 

here also association towards PaidA was affected (PadiA - ka = 8.23E+04 1/Ms, kd = 

1.10E-3 1/s) (Fig. 3B, bottom middle panel). Our data further support the hypothesis 

that a plant derived signaling molecule binds to SdiA and subsequently influences its 

DNA-binding property (Fig. 3B). Although, the mechanism behind is still unknown, and 

considering the role of aidA in R. solanacearum and its regulation mediated by SolR, 

our data further propose a putative role of aidA in P. luminescens in bacterial-plant 

interaction as it is i) regulated by the LuxR solo coding neighboring sdiA, similar to R. 

solanacearum (Fig. 1B), and ii) which regulation via SdiA is influenced by the presence 

of PRE.  

The exact mechanism behind this regulation, the role of aidA in Photorhabdus-plant 

interaction as well as the chemical nature of the plant derived signaling molecule 

binding to SdiA are still under study. Hence, further insights into the effect of the 

putative mentioned signal molecules on SdiA DNA-binding property should be gained, 

to understand the regulatory hierarchy of SdiA upon plant signals in P. luminescens. 
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Figure 3: Influence of putative signaling molecules, SdiA purification and binding kinetics of 
SdiA to different promoters. (A) nanoDSF analyses of SdiA with supplementation of lipophilic plant 
root exudates (L-PRE, left panel), the selected respective fractions (B1, C3, D7, middle panel) and 10 
nM of C4- or C12-AHLs (right panel). The graphs represent the 1st derivative of the measured ratio of 
intrinsic tryptophane fluorescence at 350 and 330 nm of the protein. The maximum peak represents the 
melting temperature TM, where half of the protein is denatured. TM values are indicated by the dotted 
lines colored respectively to the curve. In all measurements the black line shows the control protein 
measured with solvent, when necessary. Left shift of the graphs indicates different protein conformation 
upon molecule binding. Left panel: PRE influence SdiA stability upon putative signal molecule binding 
with ∆TM -2.4°C. Middle panel: putative signaling molecule found in PRE-fractions indicated by ∆TM -
3.8°C (B1, light green), ∆TM -5.8°C (C3, green), and ∆TM -3.4°C (D7 dark green). Right panel: AHLs 
putatively bind to SdiA with different modes of action indicated by ∆TM -3.9°C (C4-AHL, light blue) and 
∆TM +1.6°C (C12-AHL, blue), showing increased stability of the protein. (B) Binding kinetics of SdiA to 
the promoters PaidA, PsdiA, and PfliE (negative control). The biotinylated DNA fragments were immobilized 
onto a SA sensor chip and various concentrations of SdiA (1.5625-200 nM) were injected without (top 
panel indicated by Ø) and with addition of PRE. The graphs show high affinity binding of SdiA to PaidA 
and PsdiA and KD values indicate the binding affinities; n.b. = no binding. All graphs and sensograms 
represent one characteristic measurement of at least three independently performed experiments with 
similar outcome. 
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Conclusion 
 
Recent research showed potential biocontrol ability of P. luminescens 2° cells, indeed 

the bacteria can colonize plant roots protecting them from phytopathogenic fungi 

infection. As 2° cells do not re-associate with nematodes and colonize plant roots, it 

was important to understand and to determine how the bacteria sense the rhizosphere 

environment. For that purpose, we indicate the LuxR solo SdiA harboring an AHL-like 

SBD as a putative IKS communication receptor between P. luminescens and plants. 

First, in this work we could demonstrate a regulatory role between SdiA motility as well 

as biofilm formation regulating a putative switch between a sessile and motile lifestyle 

(Fig. 4). Nevertheless, how and which respective genes are regulated is unknown and 

must be determined. Based on our findings we propose that SdiA regulates expression 

of the target genes in a signal-independent manner, which is then impaired upon signal 

binding (Fig. 4). Indeed, in this work we could demonstrate, that SdiA protein 

conformation is affected by short-chain AHLs and PRE and respective fractions 

indicating i) plant derived molecule as signal for SdiA and ii) an influence of signal 

binding on the regulatory role of SdiA. Although the nature of the plant derived 

compound must be determined yet, the data suggest a SdiA mediated interkingdom 

communication of P. luminescens with plants as DNA binding was also influenced upon 

PRE. We also identified that SdiA acts as bidirectional regulator for the intergenic 

region of sdiA and adiA since it binds both promoters with high affinity. Lastly, for AidA 

of P. luminescens, of which homologs are also found in other plant associated bacteria 

and the expression of the respective gene is regulated by a LuxR-type receptor, we 

suggest that AidA is important for P. luminescens plant colonization with its regulation 

mediated by SdiA and impacted upon PRE (Fig. 4). 
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Figure 4: Model of the putative role of AHL-LuxR solo SdiA of P. luminescens. The LuxR type 
receptor SdiA (PluDJC_016750) regulates the expression of several genes in absence of a signaling 
molecule, thereby modulating a switch of P. luminescens cells between a sessile and motile lifestyle. 
SdiA is involved in interkingdom signaling (IKS) communication with plants. Upon sensing a plant-
derived signal, the SdiA undergoes a conformational change resulting in reduced DNA-binding affinity. 
SdiA acts as bidirectional regulator of transcription, binding within the intergenic promoter region of sdiA 
and aidA genes. AidA might be therefore involved in SdiA mediated host colonization. However, SdiA 
reacts also to different AHLs, thereby it might also be involved in interspecies bacterial signaling (IBS) 
communication. 
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Abstract 
Purpose 
Phenotypic heterogeneity occurs in many bacterial populations: single cells of the same 

species display different phenotypes, despite being genetically identical. The Gram-

negative entomopathogenic bacterium Photorhabdus luminescens is an excellent 

example to investigate bacterial phenotypic heterogeneity. Its dualistic life cycle 

includes a symbiotic stage interacting with entomopathogenic nematodes (EPNs) and 

a pathogenic stage killing insect larvae. P. luminescens appears in two phenotypically 

different cell forms: the primary (1°) and the secondary (2°) cell variant. While 1° cells 

are bioluminescent, pigmented and produce a huge set of secondary metabolites, 2° 

cells lack all these phenotypes. The main difference between both phenotypic variants 

is that only 1° cells can undergo symbiosis with EPNs, a phenotype that is absent from 

2° cells. Recent comparative transcriptome analysis revealed that genes mediating 1° 

cell-specific traits are modulated differently in 2° cells. Although it was previously 

suggested that heterogeneity in P. luminescens cells cultures is not genetically 

mediated by e.g., larger rearrangements in the genome, the genetic similarity of both 

cell variants has not clearly been demonstrated yet.  

Methods 
Here, we analyzed the genomes of both 1° and 2° cells by genome sequencing of each 

six single 1° and 2° clones that emerged from a single 1° clone after prolonged growth. 

Using different bioinformatics tools, the sequence data were analyzed for clustered 

point mutations or genetic rearrangements with respect to the respective phenotypic 

variant. 

Result 
We demonstrate that isolated clones of 2° cells that switched from the 1° cell state do 

not display any noticeable mutation and do not genetically differ from 1° cells. 

Conclusion 
In summary, we show that the phenotypic differences in P. luminescens cell cultures 

are obviously not caused by mutations or genetic rearrangements in the genome but 

truly emerge from phenotypic heterogeneity.  
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Findings 
Bacteria constantly encounter different environmental stress conditions, whereupon 

they have evolved different survival strategies to cope with these challenges. Besides 

altering the expression of single genes, one of these adaptation strategies are genetic 

modifications such as occurrence of DNA methylation or genomic rearrangements to 

evolve a different phenotype for adaptation (Smits et al. 2006). Phenotypic 

heterogeneity instead is another strategy, e.g., for bet-hedging to ensure survival of a 

bacterial population describing the appearance of different phenotypic cells within a 

genetically identical population (Avery 2006; Davidson and Surette 2008; Grote et al. 

2015), resulting in phase variation mostly correlated with altered gene expressions 

(Elowitz et al. 2002; van der Woude 2011; Davis and Isberg 2016). Examples of this 

adapting phenotypic heterogeneity are persister cells (Balaban et al. 2004) as well as 

the occurrence of competence or sporulation of the Gram-positive bacterium Bacillus 

subtilis (Veening et al. 2005; Smits et al. 2006) Phenotypic heterogeneity also occurs 

in the entomopathogenic bacterium Photorhabdus luminescens, which exists in two 

phenotypically different cell forms, the endosymbiotic primary (1°) cells and the free-

living secondary (2°) cells. In its dualistic life cycle the 1° cell variant colonizes 

entomopathogenic nematodes (EPNs), which invade insect larvae in the soil. Once 

inside, the EPNs release the bacteria into the haemocoel, where P. luminescens 

produces a huge set of toxins to effectively kill the larvae (Forst et al. 1997). During the 

infective cycle (also after prolonged cultivation in the laboratory) up to 50% of 1° cells 

switch to the 2° cell variant. The 1° cells exhibit different phenotypes such as biofilm 

formation, pigmentation, bioluminescence and the production of secondary 

metabolites, characteristics that are absent from 2° cells (Akhurst 1980; Forst et al. 

1997; Joyce and Clarke 2003; Eckstein and Heermann 2019). Moreover, 2° cells can 

neither reassociate with EPNs nor support their growth and development anymore and 

therefore remain in the soil when the EPNs have left the depleted insect cadaver. 

Recent studies indicated a new fate of these 2° cells in soil, as this cell variant reacts 

to and interacts with plant roots (Regaiolo et al. 2020). Furthermore, comparative 

transcriptome analysis revealed that genes responsible for 1° cell-specific phenotypes 

are downregulated in 2° cells (Eckstein et al. 2019). Although the exact regulation 

mechanism of this phenotypic switching in P. luminescens is yet unknown, some 

studies showed, that transcriptional regulators play an important role during this event. 

One of these regulators is HexA, a member of the LysR-type transcriptional regulator 
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family. HexA is involved in the phenotypic switching process of P. luminescens, by 

directly and indirectly repressing expression of 1° cell specific genes (Joyce and Clarke 

2003; Langer et al. 2017). Moreover, the RNA chaperone Hfq regulates expression of 

hexA mediating higher copy numbers of HexA in 2° cells, suggesting that Hfq is also 

involved as global regulator in the regulation of phenotypic heterogeneity in P. 

luminescens cell populations (Neubacher et al. 2020). Furthermore, XRE-like 

transcriptional regulators were shown to also control phenotypic heterogeneity in P. 

luminescens. Indeed, deletion of xreR1 in 1° and xreR2 in 2° cells and insertion of extra 

copies of xreR1 in 2° cells and xreR2 in 1° cells led to the opposite phenotype in both 

cell forms (Eckstein et al. 2021). The two-component system AstS/AstR was found to 

control timing of phenotypic switching in P. luminescens, since deletion of astR led to 

faster switching of 1° cells compared to the wildtype (Derzelle et al. 2004).  

Phenotypic switching in P. luminescens has previously been referred to as phase 

variation (Akhurst and Boemare 1988). However, this phenomenon has been 

suggested to be different from classical bacterial phase variations as both cell forms 

were suspected to be genetically homogeneous (Forst et al. 1997). Classical phase 

variation involves reversible genetic events, occurs at significant frequency and is 

almost reversible. Larger DNA rearrangements or modifications, genetic instability, or 

the loss of plasmids were excluded in P. luminescens 2° cell formation suggesting that 

the differences between 1° and 2° cells are caused by phenotypic and not genetic 

heterogeneity in P. luminescens (Akhurst et al. 1992; Forst et al. 1997; Hu and Webster 

1998; Forst and Clarke 2002). However, none of the previous studies could provide 

evidence that heterogeneity in P. luminescens cell populations is due to true 

phenotypic heterogeneity. For that reason, we analysed and compared genomes of 

both P. luminescens subs. laumondii strain DJC 1° and 2° (Zamora-Lagos et al. 2018) 

[later reclassified as P. laumondii, (Machado et al. 2018)] to prove whether the different 

characteristics of P. luminescens 1° and 2° derives from phenotypic and not from 

genotypic heterogeneity. 

The experimental workflow is schematically presented in Figure 1. First, 1° cells were 

aerobically cultivated at 30°C by shaking at 200 rpm over 11 days in LB broth [1% NaCl 

(w/v); 1% tryptone (w/v); 0.5% yeast (w/v)] and streaked on LB agar plates. Upon the 

phenotypic appearance of red pigmentation and bioluminescence six single colonies 

of each cell variant were picked, bioluminescent and pigmented colonies as 

representatives for the 1°, and dark non-pigmented colonies as representatives for the 
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2° variant. Then, the genomic DNA was extracted from over-night cultures using 

genomic DNA extraction kit (Südlaborbedarf, Gauting, Germany) according to the 

manufacturers protocol, and high throughput sequencing (HTS) analysis was 

performed including the laboratory strains of P. luminescens 1° and 2°. For that, library 

preparation of 50 ng gDNA was performed using Nextra Library Prep Kit (Illumina) 

according to the manufacturers protocol. Libraries were quality controlled with DNA 

High Sensitivity DNA Kit on Bioanalyzer (Agilent) and quantified on Qubit 2.0 

Fluorometer (ThermoFisher Scientific with ds HS Assay Kit). Genome sequencing was 

performed in the Genomics Service Unit (LMU Biocenter, Munich) on Illumina MiSeq 

with v2 chemistry (2x 250 bp paired-end sequencing). Resulted HTS data were 

processed using different bioinformatics tools. First, reads were aligned and mapped 

against the Photorhabdus luminescens subs. laumondii DJC reference genome 

(GenBank: CP024900.1) using Bowtie 2 (v 2.3.5) and then quality filtered with 

SAMtools (v. 1.13), allowing alignments with mapping quality >30 (Li et al. 2009; 

Langmead and Salzberg 2012). After that, read duplicates were marked via Picard tool 

(v. 2.21.4) (http://broadinstitute.github.io/picard/) to avoid distort genome coverage. 

Qualimap 2 was used for multi-samples quality control of HTS data (Okonechnikov et 

al. 2015). Pairwise comparison of the genomes was performed using VarScan 2 (v. 

2.4.2), where variants with a base and mapping quality >30 were called and filtered for 

single nucleotide polymorphisms (SNPs) with a coverage of >20x (Koboldt et al. 2012). 

The resulting data were manually inspected for informative SNPs. The sequence data 

were uploaded at the NCBI sequence read archive under BioProjects PRJNA812858 

for 1° clones and PRJNA812795 for 2° clones (https://www.ncbi.nlm.nih.gov). For the 

laboratory strains of P. luminescens 1° (DJC 1°) and 2° (DJC 2°), both with a coverage 

of >90% no SNPs were detected when comparing to reference genome, whereas the 

mean GC-content of the mapped reads ranged between 42-47% (Table S1). During 

library preparation, PCR is one of the principal sources leading to GC-content bias in 

HTS. Indeed, diverse base composition bias in the G and C bases emerge during 

library preparation upon PCR (Dohm et al. 2008, Aird et al. 2011, Benjamin and Speed, 

2012). With a coverage of 100% both variants are genetically identical confirming that 

the different appearances are due to phenotypic heterogeneity upon different gene 

expression. However, the sequencing data displayed various SNPs occurring in 1° 

cells as well as in 2° cells only after prolonged cultivation. In average with a mean rate 

of 95% all sequenced samples displayed high coverage of the reference genome 

http://broadinstitute.github.io/picard/
https://www.ncbi.nlm.nih.gov/


 124 

(Table S1). Generally, we observed only a few mutations among all tested samples, 

which is in accordance with the observation that P. luminescens has lowest mutation 

rate among bacteria (Pan et al. 2021). Nevertheless, all these mutations are not 

consistent, as all the P. luminescens 1° as well as 2° samples displayed mutations in 

different loci (Table 1). In all tested samples 1-4 SNPs for 1° cells and 1-6 SNPs for 2° 

cells were detected. Spontaneous gene mutation during replication, presumably also 

after prolonged cultivation, is not a rare phenomenon, their occurrence was explained 

to keep a balance between effects of deleterious mutation rate and metabolic costs 

(Drake et al. 1998; Denamur and Matic 2006). Generally, the mutation rate in bacteria 

was described to range between 1*10-6 and 1*10-8 base substitutions per nucleotide 

per generation (Westra et al. 2017). For example, in E. coli a deleterious mutation rated 

of 2-8*10-4 and a beneficial mutation rated of 2*10-9 per genome per replication has 

been calculated (Kibota and Lyncht 1996; Boe et al. 2000; Imhof and Schlotterer 2001), 

whereas recent studies reported a low mutation rate with a low base-substitution rate 

of 5.94*10-11 per nucleotide site per cell division in P. luminescens (Pan et al. 2021). 

Most of the genes affected from this spontaneous mutation in our analysis code for 

phage tail fibers in 1° as well as 2° cells. These genes are: PluDJC_00175 (phage tail 

collar domain), PluDJC_15370 (phage tail domain), PluDJC_15455 (phage tail fiber 

repeat and collar domain). The latter one occurred to have the most mutations in both 

cell variants and in some cases point mutations led to a base pair exchange not 

affecting the amino acid sequence. Moreover, in three from the six switched clones (2° 

cells) we observed single point mutations in different regions of rPOD 

(PluDJC_19710). However, this mutation was not observed in the 2° cell control 

genome and the other switched variants. Further genes or promoters displaying 

mutations are listed in Table 1. Additionally, some of the genes that displayed a 

mutation in the genome analysis have been further checked on mutations. For that 

purpose, single 1° and 2° colonies were again picked and aerobically cultivated for 48 

h at 30°C, and genomic DNA was extracted using genomic DNA extraction kit (Süd-

Laborbedarf, Gauting) according to the manufacturers protocol. Primers (Table 2) were 

designed to amplify the respective genes, sequenced, and aligned to the reference 

genome. Although no mutations were found for hexA and hfq in HTS analysis, primers 

for both including the promoters of both respective genes were designed to exclude 

potential mutations in the promoter regions affecting gene expression. Sequencing 

data revealed no mutations in the rpoD, PluDJC_00175, and hex and hfq promoter 
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regions neither in 1° nor in 2° cells. For PluDJC_15370 and PluDJC_15455 (only few) 

mutations for both cell variants were detected. These mutations were located in 

different parts of the respective genes as pointed out in the HTS data, but they were 

not equally distributed throughout the cell variations and were not found in all switched 

samples. Even though, these mutations are inconsistent and do not lead to genotypic 

heterogeneity, considering that no phenotypic cell variations have been observed, 

further work should be investigated to understand the higher mutation rate in P. 

luminescens phage related genes (e.g., PluDJC_15370 and PluDJC_15455). 

Mutations in loci coding for phage subunits as well as loci involved in immunity against 

phages are known to have a faster mutation rate compared to point mutations in 

random genomic regions (Bikard and Marraffini 2012). 

Taken together our data prove evidence that variations in P. luminescens subs. 

laumondii DJC cell population is truly based on phenotypic heterogeneity. The 

identified mutations after long term cultivation are due to spontaneous mutations that 

are randomly distributed on different genes and not always located in the same genetic 

area, so that genetic modifications or genomic rearrangements are not involved in 

phenotypic heterogeneity, i.e. phenotypic switching from 1° to 2° cells in P. 

luminescens cell populations. 
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TABLES 
 
Table 1: Point mutations in different gene loci of P. luminescens 1° and 2° clones identified by 
HTS. Sample ID 1 indicates 1° cells and 2 indicates 2° cells of P. luminescens. A-F indicate the 6 
different replicates of each tested phenotypic variant. Info indicates the sum of coverage with the 
reference genome (n1), the number of MATCHES with the covered region (n2), and the number of 
occurring SNPs within n1 (n3) represented as n1:n2:n3. 
 

Position 
of the 

mutation 

Base 
exchange 

AA 
change 

Sample 
ID 

Info Gene name 

30026 G > A Ala >Val 1B 33:22:11 PluDJC_00175 
30026 G > A Ala >Val 2E 36:26:10 PluDJC_00175 
30038 A > G Met > Thr 1B 33:25:8 PluDJC_00175 
30038 A > G Met > Thr 2E 37:26:11 PluDJC_00175 
287646 T > C - 2E 24:17:7 PPlu_DJC01390 

609596 C > A Ala > Glu 1A 43:0:43 PluDJC_15370 
609596 C > A Ala > Glu 1F 22:15:7 PluDJC_15370 
609596 C > A Ala > Glu 2C 29:21:9 PluDJC_15370 
3433543 C > T Ser > Asn 1E 34:27:7 PluDJC_15455 
3433543 C > T Ser > Asn 2D 29:21:7 PluDJC_15455 
3433563 C > T Ala > Ala 2D 30:23:7 PluDJC_15455 
3433570 T > C Glu > Ala 1B 29:22:7 PluDJC_15455 
3433570 T > C Glu > Ala 2D 28:20:8 PluDJC_15455 
3433581 T > C Thr > Thr 1E 31:24:7 PluDJC_15455 
3433581 T > C Thr > Thr 2D 30:22:8 PluDJC_15455 
3433581 T > C Thr > Thr 2A 30:23:7 PluDJC_15455 
3433584 T > C Leu > Leu 1E 27:20:7 PluDJC_15455 
3433584 T > C Leu > Leu 2D 31:23:8 PluDJC_15455 
4487898 A > G Glu > Gly 2A 40:40:0 PluDJC_19710 

(rpoD) 
4487898 A > G Glu > Gly 2B 37:37:0 PluDJC_19710 

(rpoD) 
4487898 A > G Glu > Gly 2F 23:23:0 PluDJC_19710 

(rpoD) 
4513459 C > A - 2D 62:62:0 PPluDJC_19885 

4841989 C > T Gly > Arg 2C 45:45:0 PluDJC_21265 
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Table 2: Primers used for amplification of the respective genes carrying point mutations 
identified by HTS analysis. Primers were used for gene amplification and further sequencing.  
 

Primer name Sequence (5´3´) Gene 
PluDJC_00175 fwd cccaatattgcggtttctgg PluDJC_00175 

(phage tail collar domain) PluDJC_00175 rev ctccatatgtaaccctgtc 
PluDJC_15370 fwd ccagcacactgcttcaacac PluDJC_15370 

(phage tail collar domain) PluDJC_15370 rev cccttgaatgaggtgctgca 
PluDJC_15455 fwd gcatggtagattgtcagcca PluDJC_15455 

(phage tail collar and fiber 
domain) PluDJC_15455 rev acctatggggataacggt 

rpoD fwd ctataagtgggcagcggcaa 
rpoD (PluDJC_19710) 

rpoD rev tcaccggatggaaaacgac 
hexA fwd cgaggagctaatacctcctt PhexA + hexA 

(PluDJC_15800) hexA+Prom rev ttctttgacgtgagtcag 
hfq fwd cgttcaaacaaaggtgcgac Phfq +hfq (PluDJC_22705) 
Hfq+Prom rev ccagagcaagctttaagcac 
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FIGURES 

 
 
Figure 1: Schematic presentation of the experimental workflow for genomic comparison between 
P. luminescens 1° and 2° variants. In brief, P. luminescens 1° cells were cultivated for 11 days so that 
a large proportion of single cells were switched to the 2° phenotype, and then plated on LB agar. Then, 
six single colonies of each variant, 1° and 2°, were picked, cultivated and genomic DNA was isolated, 
analysed by HTS, and resulted DNA sequence data was mapped against the P. luminescens ssp. 
laumondii DJC reference genome.  
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9. Concluding discussion 
 

The use of biocontrol agents harmless to the environment, pollinators, animals, or 

humans becomes more and more important since the chemical pesticide employment 

is constantly decreasing due to safety concerns. Entomopathogenic nematodes 

(EPNs) are an excellent example of such biocontrol agents (Lacey and Georgis, 2012; 

Shehata et al., 2020). EPNs live in symbiosis with entomopathogenic bacteria of the 

genus Photorhabdus or Xenorhabdus and are able to kill a wide range of insect pests. 

A closer look into the lifecycle of Photorhabdus luminescens reveals that during the 

pathogenic part of the lifecycle the bacteria undergo a phenotypic switch from a 

nematode symbiotic and pigmented 1° cell variant into a non-symbiotic, not pigmented 

2° cell variant (Akhurst and Boemare, 1988). Although, both cell variants differ in many 

phenotypic traits, they were advised to be genetically equal. Neither DNA 

rearrangements or modifications, nor genetic instability, or loss of plasmids were found 

in 2° cells, thus this phenomenon was designated as phenotypic heterogeneity 

(Akhurst et al., 1992; Forst et al., 1997; Hu and Webster, 2000; Daborn et al., 2001; 

Forst and Clarke, 2002). The 2° cell variant does not reassociate with EPNs for which 

reason in the past it was already suggested that the bacteria remain in soil (Smigielski 

et al., 1994; Turlin et al., 2006), but the fate of P. luminescens 2° cells is still unclear. 

In a first step a comparative transcriptome analysis comparing 1° and 2° cells was 

performed, to understand, which genes are involved in regulation of phenotypic 

heterogeneity in P. luminescens. Furthermore, to get insights into the fate of 2° cells in 

the rhizosphere, another RNA-Seq analysis including plant root exudates (PRE) was 

performed. Lastly, high throughput sequencing (HTS) of both, 1° and 2° cells, should 

provide evidence about genomic similarity of both cell variants. e. Subsequently, 

further studies were performed including plant root colonization and behavior towards 

phytopathogenic fungi to elucidate the ecological role of 2° cells in the rhizosphere. 

Finally, a possible LuxR-mediated interkingdom communication towards plant hosts or 

microorganisms living in the same biological niche mediated by SdiA was considered.  

In the course of this work, comparative transcriptome analysis could confirm mediation 

of phenotypic heterogeneity in P. luminescens on transcriptional level. Moreover, first 

indications of the fate of 2° cells in the rhizosphere were obtained, suggesting a 

putative applications as novel biocontrol agent. P. luminescens 2° not only reacts to 

plants and their exudates, but also interacts with them and protects them from 

phytopathogenic fungi via chitinase activity. Comparison of HTS data give evidence of 
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genomic similarity of 1° and 2° cells. Finally, this work gives first indications that LuxR 

solo SdiA not only binds AHLs that are probably released by microorganisms living in 

the rhizosphere niche together with P. luminescens, but it could sense plant derived 

signals thus mediating P. luminescens-host interaction and shedding light on a new 

IKS communication circuit in P. luminescens.  

 

9.1  The adaptation of P. luminescens 2° cells in the rhizosphere 
and its potential as biocontrol agent 

 
 

When P. luminescens 2° is left in the soil after an insect infection cycle, the cells 

experience a drastic change in nutrient availability because of the environmental switch 

from a nutrient-rich insect to a nutrient-poor environment – the soil. In the past it has 

already been shown that P. luminescens 2° cells are able to faster overcome periods 

of starvation compared to 1° cells (Smigielski et al., 1994). Indeed, 2D-PAGE proteome 

analysis revealed proteins involved in stress response, metabolism, translation and the 

binding of iron, amino acids, or sugar to be differently regulated in 2° variant (Turlin et 

al., 2006), which is in accordance with our transcriptome analysis showing genes 

involved in starvation, amino acid (AA) transport or the metabolism of alternative 

nutrient sources to be highly upregulated in 2° cells (Eckstein et al., 2019, chapter 2, 

Table S1). These positively modulated genes indicated a fast adaptation of 2° cells in 

different carbon and nitrogen sources utilization. As an example, these are genes 

involved in different pathways such as those encoding the AST-pathway (astABDE) or 

an AA-permease (PluDJC_15875), which are induced by AA and under nitrogen 

limitation (Schneider et al., 1998; Easom and Clarke, 2012). Moreover, genes involved 

in the metabolism of hydroxyphenylacetate (HPA), PluDJC_04995 [hpaC], 

PluDJC_05000 [hpaB], PluDJC_05035 [hpaX], PluDJC_05040 [hpaI], which is often 

found in the soil as byproduct of degraded plant material (Dıáz et al., 2001), are also 

upregulated in 2° cells (Eckstein et al., 2019, Chapter 2, Table S1). For E. coli Díaz 

and colleagues showed that it converts hydroxyphenylacetate and metabolize the 

products to achieve succinate and pyruvate, which then can be further metabolized by 

the cells (Dıáz et al., 2001). Therefore, 2° cells undergo metabolic reorganization to 

overcome starving conditions in the soil by rearranging its metabolism using amino 

acids or sugars secreted by plant roots in the rhizosphere (Badri and Vivanco, 2009) 

as alternative nitrogen source and hydroxyphenylacetate as carbon source. 
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Once emerging from the insect and the previously rich nutrient source, nutrients 

become immediately limited for 2° cells in the soil. Therefore, they first need to migrate 

into the rhizosphere, hence using several strategies such as flagella or pilus driven 

twitching to actively navigate when undergoing starvation. Starvation-dependent 

motility is well known from plant beneficial bacteria like Bacillus and Pseudomonas 

(Mattick, 2002; Jarrell and McBride, 2008; Aroney et al., 2021) or plant pathogenic R. 

solanacearum (Tanns-Kersten et al., 2001; Corral et al., 2020). Bacterial swimming 

towards nutrient-rich areas is mostly driven by chemotaxis systems that respond to 

attractant stimuli upon ligand binding to chemoreceptors called methyl accepting 

chemotaxis protein (MCPs). These activate a signal transduction cascade thus 

stimulating different motility events which promote bacterial directional movement 

towards the nutrient rich source (Kearns, 2010). 

The comparative transcriptome analysis between 1° and 2° cells revealed upregulation 

of DEGs involved in motility in 2° cells, e.g. the fliC or flhDC-operon, and chemotaxis 

(MCPs, methyl-accepting proteins: PluDJC_09715 and PluDJC_09720). These results 

could be confirmed by different chemotaxis assays that proved increased swimming, 

twitching and chemotaxis capacity of 2° cells thus making motility a 2°-specific feature 

(Eckstein et al., 2019, Chapter 2, Table 2 & Fig. 4; Chapter 5, Fig. 2B). Indeed, when 

deleting fliC and both MCPs in 2° cells (Regaiolo et al., 2020, Chapter 3, fig. 4C), 

motility is totally abolished, which is in agreement with a behavior that was observed 

when regulation of phenotypic heterogeneity via AstS/AstR was investigated. P. 

luminescens 1° ∆astR mutants not only displayed a faster switching ability compared 

to the wildtype, but these cells also exhibited enhanced motility compared to the 1° 

parental wildtype (Derzelle et al., 2004).  

In contrast, motility was described to be a 1°-specific feature in close related strains of 

Xenorhabdus nematophila and P. temperata, (Hodgson et al., 2003), which was 

reported to be positively regulated by LrhA, a LysR-type transcriptional regulator 

(Richards et al., 2008). A homolog of this regulator, HexA, is also found in P. 

luminescens and the corresponding gene was found to be highly upregulated in 2° 

cells (Eckstein et al., 2019, Chapter 2, Table S1). HexA is believed to act as master 

repressor of 1°-specific traits in 2° cells (Joyce and Clarke, 2003). It can be suggested 

that HexA affects motility in P. luminescens 1°, since for HexA of E. coli it is known to 

be involved in repression of motility and chemotaxis gene (Lehnen et al., 2002). Finally, 
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this supports the assumption that 2° cells are adapted to a free-soil lifestyle by boosting 

flagella motility to reach areas where more nutrients are available.  

Interestingly, for plant associated bacteria (PAB) like Pseudomonas motility and 

chemotaxis is an essential trait in the rhizosphere, e.g., Pseudomonas fluorescens is 

highly motile and chemotactically active in the rhizosphere (van Elsas et al., 1991; 

Worrall and Roughley, 1991) with FliC and FlhDC hypermotility mediators as well as 

MCPs playing an essential role in plant root colonization (Lugtenberg et al., 2001; Berg 

and Smalla, 2009; Redondo-Nieto et al., 2012; Barahona et al., 2016; Cole et al., 

2017). The motility and chemotaxis related genes that are highly upregulated in 2° cells 

show similarities to those in Pseudomonas thus hypothesizing that P. luminescens 2° 

cells could interact with plant roots. It could be verified that 2° cells reacted to plant 

root exudates (PRE) and interacted with plant roots, colonizing them as novel hosts. 

These data indicate that this cell variant use nutrients produced by plants thus adapting 

to an alternative lifestyle (Eckstein et al., 2019, Chapter 2 Fig. 6; Regaiolo et al., 2020, 

Chapter 3, Fig. 4A & B). Furthermore, a positive effect of 2° cells on plant 

development was observed. The bacteria displayed a beneficial influence on plant root 

growth by promoting root hair (RH) and lateral root (LR) formation, a phenotype that 

was not observed for 1° cells. A similar effect was also observed when the bacteria 

and plants were spatially separated on agar plates, indicating the production of volatile 

organic compounds (VOCs) only by P. luminescens 2° cells (Regaiolo et al., 2020, 

Chapter 3, Fig. 5). Moreover, a beneficial microbe-plant interaction induces alteration 

in plant root morphology, which are prompted by plant growth promoting rhizobacteria 

(PGPRs) like bacteria of the genus Pseudomonas that induce RH and LR development 

6/28/2022 3:34:00 PM. Therefore, a high potential role of P. luminescens 2° to act as 

putative plant growth promoting bacterium can be suggested. 

However, at this point it was important to understand how this Photorhabdus-plant 

interaction occurs. Generally, the rhizosphere is characterized by PRE acting as 

attractants and therefore triggering microbes-plant interaction and microbial 

rhizosphere persistence (Morrissey et al., 2004). During a microbe-plant interaction 

both organisms influence each others behavior. For example, chemotaxis of different 

Pseudomonas strains is increased at a certain distance to the plant roots where 

concentration of PRE is low, whereas chemotaxis decreased at root proximity where 

the PRE concentration is increased, whereupon a set of genes coding for the flagellar 

machinery is downregulated (Mark et al., 2005; López-Farfán et al., 2019). For that 
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purpose, it was tested how 2° cells react to PRE performing a RNAseq analysis using 

2° cells cultures supplemented with PRE, to determine P. luminescens 2° transcription 

profile that can trigger plant interaction. The analysis identified 741 DEGs of which 233 

were positively and 508 were negatively modulated indicating a 2° cells transcriptional 

reprogramming in presence of PRE (Regaiolo et al., 2020, Chapter 3, Fig. 1). Indeed, 

similar to as observed for Pseudomonas strains, P. luminescens 2° chemotaxis and 

motility decreased with increasing concentration of PRE (Regaiolo et al., 2020, 

Chapter 3, Fig. 4A & B) (Fig. 9-1). Remarkably, all the respective motility genes were 

downregulated in 2° cells in the presence of PRE. Furthermore, fliZ, a gene coding for 

a global regulatory protein, which is known to be involved in regulation of motility in X. 

nematophila, was upregulated upon addition of PRE in P. luminescens 2° cells (Jubelin 

et al., 2013; Regaiolo et al., 2020, Chapter 3, Fig. 2A). It was observed that FliZ 

positively influences bacterial adhesion (Jubelin et al., 2013), suggesting that 2° cells 

use FliZ at root proximity to trigger bacterial adhesion and consequently biofilm 

formation, a primary trait important for plant root colonization as observed in 

Pseudomonas (Dunne, 2002; Spiers and Rainey, 2005; Huang et al., 2007; Koza et 

al., 2009; Barahona et al., 2010; Mann and Wozniak, 2012; Martin et al., 2016). 

Increased PRE concentration (up to 10% [v/v]) led to less motility of P. luminescens 2° 

cells, while in contrast the same concentration triggered 70% more biofilm formation. 

Additionally, the related DEG, PluDJC_09560 (biofilm formation regulator BssS), which 

is involved in regulating genes belonging to catabolite repression, stress responses, 

regulation of QS, and putative stationary phase signal classes (Domka et al., 2006), 

was upregulated in presence of PRE (Regaiolo et al., 2020, Chapter 3, Fig. 2A). 

Concomitantly with increased motility and plant roots colonization, P. luminescens 2° 

cells must also adjust their metabolism and react to different stresses in order to persist 

in the rhizosphere. In general, PREs alter the expression of genes involved in diverse 

metabolic processes, transports, regulation, and stress response in rhizobacteria 

(Mavrodi et al., 2021). The data suggest that not only an adaptation of P. luminescens 

2° to a free soil-lifestyle occurs, but also a reprogramming in its metabolism upon PRE. 

Genes involved in different metabolic processes like gluconeogenesis 

(PluDJC_05875), protein transport and carbohydrate utilization were differently 

expressed (Regaiolo et al., 2020, Chapter 3, Fig. 1). Moreover, also several universal 

and oxidative stress-response genes, like uspB (PluDJC_00675), and PluDJC_11030, 

or PluDJC_17730, were upregulated in 2° cells further confirming the capacity of this 
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variant to adapt to the rhizosphere. Furthermore, besides starvation soil living bacteria 

encounter several other stress situations including permanently changing 

temperatures in the rhizosphere. Remarkably, it could be shown that 2° cells display 

higher temperature tolerance compared to 1° cells. Although, for P. luminescens it was 

described that the bacteria do not survive temperatures exceeding 35°C (Fischer-Le 

Saux et al., 1999), 2° cells were still able to replicate at 37°C and were additionally 

more tolerant to cold temperatures, while 1° cells died (Eckstein et al., 2019, Chapter 
2, Fig. 7). In conclusion, 2°-specific features focus on sensing and utilizing different 

nutrients deriving from plants, adapting to starvation and different temperatures, and 

putatively moving towards new nutrient sources. Therefore, an additional lifecycle of 

P. luminescens 2° cells could be discovered, where 2° cells adapt to a free-soil lifestyle 

(Fig.- 9-1), assigning plant growth promoting, and plant roots colonization abilities as 

2°-specific features, therefore shedding light to the phenotypic heterogeneity in P. 

luminescens cell populations (Fig. 9-3). The data suggest a model in which 2° cells 

move towards the plant roots upon a PRE concentration gradient and once reaching a 

certain root-proximity, the motility decreases, and biofilm formation is induced, 

indicating an adaption of 2° cells to the new plant host (Fig. 9-1). However, response 

of the plant towards the bacterial colonization as well as the nature of the produced 

VOCs leading to plant-growth promotion have to be determined yet. 
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Figure 9-1: Model for the extended lifecycle of P. luminescens and the fate of the 2° cells. During 
the infective part of the life cycle up to 50% of P. luminescens 1° cells switch to 2° cells, which are unable 
to reassociate with nematodes (EPNs) and are therefore left in soil after an insect infection cycle. The 
2° cells need to adapt to different environmental stress e.g., nutrient limitation, temperature stress and 
others. In contrast to 1° cells, P. luminescens 2° cells are highly motile and chemotactically react to 
PRE, a behavior that is reduced at plant root proximity, where the 2° cells organize in biofilm as well as 
root adherence finally colonizing the plant roots. 2° cells putatively produce volatile organic compounds 
(VOCs) that have a plant beneficial effect and further protect plants from phytopathogenic fungi.  

 
Biocontrol agents are considered as new sustainable agricultural technique to 

prevent reduced crop yields due to pests and phytopathogens, without harming the 

environment, animals, humans, and the rhizosphere. The use of plant growth 

promoting rhizobacteria (PGPRs) and EPNs have shown to improve pest management 

and enhance the plant biomass production while increasing plant resistance to 

diseases (Zhang et al., 2016). The use of P. luminescens as biocontrol agent is already 

exploited in combination with EPNs, whereas the bacteria are the agent with a direct 

toxic effect on insect pests. Furthermore, the use of EPNs displayed an improvement 

of the soil quality, since they were able to increase soil oxygenation and plant nutrient 

uptake (Lacey and Georgis, 2012; Pieterse et al., 2014). Although the biocontrol role 

can be assigned only to P. luminescens 1° cells, as only this cell variant lives in 

symbiosis with EPNs (Akhurst and Boemare, 1988). A beneficial role for 2° cells that 
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are left behind in the soil interacting with plant roots was not considered so far. Hence 

a closer look at their biocontrol capacity became necessary. 

The comparative transcriptome analysis performed with 2° cells treated with and 

without PRE highlighted two genes that were highly expressed in the presence of PRE: 

PluDJC_12460 (cbp) and PluDJC_11885 (chi2A), both putatively involved in chitin 

degradation activity (Regaiolo et al., 2020, Chapter 3, Fig. 2A; Dominelli et al., 2022, 

Chapter 4). Chitinases are glycosyl hydrolases present in many organisms from 

prokaryotes to eukaryotes. Their size ranges from 20 to 90 kDa, (Shahidi and 

Abuzaytoun, 2005; Bhattacharya et al., 2007) and their sub-classification is based on 

their N-terminal domain, the isoelectric point, pH, localization, signal peptide, and the 

inducer. Bacteria contain chitinases of the class II with an exo-action, which are known 

to be induced in presence of pathogens like fungi (Patil et al., 2000; Hamid et al., 2013). 

In the past, exochitinases have already received attention as they play an important 

role in biocontrol of fungal phytopathogens and insects (Mendonsa et al., 1996; 

Mathivanan et al., 1998). Several soil bacteria produce chitinases (Hamid et al., 2013), 

including PGPRs like Pseudomonas fluorescens, which are capable to reduce fungal 

growth and spore germination upon chitinase activity (Akocak et al., 2015). This effect 

was also observed in Serratia, whereupon chitin degradation by these bacteria were 

suggested as biocontrol alternative (Zarei et al., 2011). P. luminescens harbors three 

class II chitinases, of which two - Chi2B and Chi2C - were already described to play a 

pathogenic role towards insects, a role that can be excluded for Chi2A (Hurst et al., 

2011, Dominelli et al., 2022, Chapter 4 Fig. 1 & 4A). P. luminescens chitinases (Chi2A, 

Chi2B and Chi2C) showed homology in their catalytic domains with a conserved 

DxDxE motif similar to the chitinase found in Serratia. Interestingly, only Chi2A, which 

biological role has not been described yet, is induced by an unknown plant-derived 

signal, whereupon 2° cells display antifungal activity towards phytopathogenic 

Fusarium graminearum (Regaiolo et al., 2020, Chapter 3, Fig. 3C). It could be 

demonstrated that antifungal activity of P. luminescens 2° cells derives from Chi2A as 

the purified enzyme showed colloidal chitin digestion and directly reduced fungal 

growth. Additionally, Chi2A showed high stability over long-term storage, (confirmed 

by nanoDSF analysis), which is a promising characteristic for the protein to be used in 

biocontrol management. Moreover, P. luminescens 2° cells lacking chi2A lost their 

ability to reduce fungal hyphae development (a phenotype restored via 

complementation) as well as plant protective activity of 2° cells against F. graminearum 
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(Dominelli et al., 2022, Chapter 4, Fig. 5A). Even though solely Chi2A can degrade 

(fungal) chitin, chitin binding protein (Cbp) activity is somehow essential for P. 

luminescens to function as biocontrol agent against phytopathogenic fungi, as bacteria 

lacking cbp also lost their growth inhibitory activity towards F. graminearum (Dominelli 

et al., 2022, Chapter 4, Fig. 2). During the fungal growth inhibitory process of 2° cells, 

the bacteria are attracted by the fungi as they actively attached to their hyphae. 2° cells 

could use this strategy as a first mechanism to protect the plant against 

phytopathogenic fungi. It is likely that right after attaching to fungal surface, the bacteria 

release Chi2A and Cbp and therefore initiate hydrolysis of the fungal cell wall. A similar 

effect was also observed in plant protection assays, where fungal hyphae could not 

develop and colonize plants. Indeed, a two-step treatment with P. luminescens 2° cells 

(pre-treatment of the seeds and treatment of the grown plant fully protected the plants 

from F. graminearum infection, assigning 2° cells a plant protecting ability (Fig. 9-1). 

This effect was abolished in chi2A and cbp deletion mutants (Dominelli et al., 2022, 

Chapter 4, Fig. 4B).  

In conclusion, not only EPNs carrying 1° cells but also free-living 2° cells are applicable 

as biocontrol agent in agriculture, latter one as biofungicide due to their chitinolytic 

activity. Moreover, attachment to plant roots as well as to fungal hyphae and chitinase 

activity can be described as 2°-specific feature which is absent from 1° cells (Fig. 9-
3). The 2° cells sense PRE in the rhizosphere thus inducing expression of several 

genes important for plant root colonization and plant protection (Dominelli et al 2022, 

Chapter 4, Fig. 5). Finally, a biological role for the Chi2A of P. luminescens could be 

demonstrated for the first time. 

 

 
Figure 9-2: Model of the putative synergistic mode of action of Chi2A and Cbp in P. luminescens 
2°. P. luminescens 2° senses plant signals that lead to an upregulated expression of chi2A and cbp. 
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The Cbp and Chi2A enzyme are released and synergistically act together to efficiently degrade fungal 
chitin.  
 
 

 
Figure 9-3: Extended list of phenotypic differences between P. luminescens 1° and 2°. The 2° 
cells lack most of the 1°-specific phenotypes. In this thesis further phenotypic traits could be assigned, 
i.e., the interaction with plant roots, swimming, and twitching motility, and chitinolytic antifungal activity 
as 2°-specific phenotypes, phenotypes that are absent from 1° cells. Moreover, protease production 
was also observed for 2° cells, whereas antibiotic production and biofilm formation were exclusively 
found as 1°-specific feature. 
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9.2  Photorhabdus – plant interkingdom communication 
 

Interkingdom communication describes the cell-cell communication between 

eukaryotic hosts with bacteria or vice versa and is discussed as prerequisite either for 

symbiotic as well as pathogenic interactions between pro- and eukaryotes. LuxR-type 

receptors are involved in bacterial cell-cell communication, for which reason so called 

LuxR solos have been speculated before to be involved in interkingdom signaling 

(Patankar and González, 2009) P. luminescens harbors 40 LuxR solos which are 

classified into three types according to their N-terminal signal binding domain (SBD): 

i) AHL-binding domain (two LuxR solos), ii) PAS4-binding domain (35 LuxR solos), iii) 

unknown binding domain (three LuxR solos) (Brameyer et al., 2014). Some LuxR solos 

in different bacteria showed the capacity to mediate interkingdom signaling 

communication (IKS). In a previous work two PAS4-LuxR solos in P. luminescens 

namely PikR1/PikR2 were shown to bind eukaryotic signaling molecules to sense the 

host species and to adapt pathogenicity, and therefore act as IKS receptors. Indeed, 

PikR1 and PikR2, reacted to stearic- and palmitic acid, fatty acids derived from insects, 

which were found in lyophilic fractions of G. mellonella insect homogenate (Brehm, 

2021). 

LuxR solos from plant associated bacteria (PABs) are also involved in IKS (González 

and Venturi, 2013; Venturi and Fuqua, 2013) and harbor AHL-SBD with differences in 

the conserved residue, e.g. in TraR of A. tumefaciens W57 and Y61 are substituted with 

methionine (M) and tryptophane (W), respectively (Ferluga and Venturi, 2009; Venturi 

and Fuqua, 2013). Remarkably, in P. luminescens two AHL-LuxR-type regulators are 

present: PluR, the receptor responsible for QS via so called photopyrones (Brachmann 

et al., 2013; Brameyer et al., 2014), and SdiA for which the signal molecule is still 

unknown. Since P. luminescens SdiA harbors the conserved amino acid WYDPWG-

motif specific for AHL-binding, the bacteria might sense exogenous AHLs produced 

from other bacteria or eukaryotic organisms present in the same niche of P. 

luminescens (Brameyer et al., 2014). Interestingly, SdiA homologs in PABs were 

involved in sensing plant derived signals, thus acting as IKS and important for plant 

colonization and interaction (Mosquito et al., 2020; Bez et al., 2021). It could be 

demonstrated that P. luminescens 2° can colonize the plant root, but how the bacteria 

sense the plants, and whether it relies on IKS was still an open question. To elucidate 

this hypothesis, the putative role of P. luminescens’ SdiA in IKS towards plant roots 
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was investigated. For the LuxR solo SdiA, found in different non-AHL producing enteric 

bacterial genera like Escherichia, Klebsiella, or Salmonella, implication of the receptor 

in regulating virulence factors like antibiotic resistance, biofilm formation and motility 

was reported (Ahmer et al., 1998; Kanamaru et al., 2000; Antunes et al., 2010; Sharma 

et al., 2010; Tavio et al., 2010; Culler et al., 2018). Upon AHL binding SdiA is supposed 

to act as transcriptional regulator for several genes involved in metabolism, motility, 

and virulence (Kim et al., 2014). Indeed, the expression of bacterial virulence genes, 

biofilm formation and motility modulated via LuxR receptors can also be triggered by 

plant signals (Anetzberger et al., 2009; Venturi and Fuqua, 2013; Yang and Defoirdt, 

2015). However, researchers pointed out that SdiA mediated regulation of motility and 

biofilm formation was not necessarily directly tethered to signal binding (Lindsay and 

Ahmer, 2005; Dyszel et al., 2010; Hughes et al., 2010; Sharma et al., 2010; Shimada 

et al., 2014; Nguyen et al., 2015). In EHEC strains lacking sdiA biofilm formation as 

well as motility was highly increased (Culler et al., 2018), whereas, for SdiA of 

Klebsiella lack of the respective gene led to increased biofilm formation and altered 

expression of fimbriae coding genes revealing a repressive role of SdiA in bacterial cell 

adherence (Pacheco et al., 2021). Similarly, for P. luminescens SdiA modulation of 

motility and biofilm formation could be observed. P. luminescens lacking sdiA 

displayed impaired motility suggesting SdiA as positive regulator for P. luminescens 

motility. Whereas SdiA represses biofilm formation (Chapter 5, Fig. 2), usually a 1°-

specific feature (Fig. 9-3) (Eckstein et al., 2019, Chapter 2), as deletion of sdiA in both 

cell variants led to an increased biofilm formation especially in 2° cells (Chapter 5, Fig. 
2). Therefore, these data propose that SdiA evolved to regulate a switch between a 

sessile and motile lifestyle in P. luminescens. Thereby, biofilm formation and motility 

are regulated via SdiA in a signal-independent manner, similar to as it was described 

for E. coli, where mutating the sensor rather than changing the signal, already led to 

enhanced biofilm formation (Lee et al., 2007). Furthermore, E. coli SdiA responded to 

extracellular plant derived interspecies indole with decreased biofilm production (Lee 

et al., 2007, 2009). This suggests that SdiA regulation of biofilm formation is influenced 

by specific signals dependent from the environment. Indole-3-acetic acid (IAA) is a 

hormone important for many physiological processes in the plant (Lazar, 2003) and is 

likely involved in IKS communication. Interestingly, supplementation with PRE led to 

alteration in motility, which decreased (Regaiolo et al., 2020, Chapter 3, Fig. 4A & B), 

and biofilm formation, which increased (Chapter 5, Fig. 2D) in P. luminescens, thus 
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proposing that SdiA-mediated biofilm formation might also be influenced by 

compounds like indole or derivatives produced by plants. Subsequently, altered SdiA 

DNA-binding affinity can be suspected once 2° cells are in the rhizosphere and in 

proximity of plant roots. Therefore, SdiA might be involved in IKS with plants, sensing 

and binding a plant derived signal, leading to altered regulation of the already 

modulated target genes involved in plant host colonization. Consequently, the ability 

of the LuxR-type receptor, SdiA; to recognize exogenous signals from plant roots was 

determined. So far, for SdiA it is known that it harbors an AHL-SBD (Brameyer et al., 

2014) and docking analysis of E. coli SdiA only suggested high affinity binding towards 

long chained AHLs (Almeida et al., 2016), which was also shown for LoxR, a SdiA 

homolog found in endophytic Kosakonia (Mosquito et al., 2020). 

For that purpose, nanoDSF analysis with purified SdiA of P. luminescens was 

performed using C4-AHL and C12-AHL as well as PRE to determine changes in protein 

stability upon a putative signal binding. SdiA displayed increased stability in presence 

of long chain AHL, whereas it was less stable upon short chain AHL, indicating different 

SdiA folding conformations (Chapter 5, Fig. 3A). It can therefore be hypothesized that 

SdiA might be inactivated in presence of short chain AHLs, similar to those described 

for members of the LuxR family, like EsaR-like proteins that only display DNA-binding 

affinity in absence of AHLs (Tsai and Winans, 2010; Minogue et al., 2002, 2005; Cui 

et al., 2005; Castang et al., 2006). Reduced DNA-binding was putatively due to 

impaired dimerization of the proteins through change in their conformation, resulting in 

reduced DNA-binding affinity of the DBD (Tsai and Winans, 2010). A similar effect 

could be observed for P. luminescens SdiA in the presence of PRE: three PRE-HPLC 

fractions mediated a change in SdiA folding, putatively upon signal binding to the SBD 

(Chapter 5, Fig. 3A), suggesting that i) activity of SdiA is blocked by a yet unknown 

plant compound and ii) subsequently, SdiA is involved in IKS with plants similar to AHL-

LuxR solos found in various plant associated bacteria (PABs). Plants produce various 

molecules that are secreted into the rhizosphere and might be involved in the IKS 

communication with bacteria. Studies reported different molecules that can bind E. coli 

SdiA homolog, such as glycerol (Nguyen et al., 2015), present in PRE (Regaiolo et al., 

2020, Chapter 2, Table S2), or the plant hormone indole (Lazar, 2003; Lee et al., 

2006). Teplitski and colleagues discovered AHLs mimicking molecules in PRE that 

interfere with bacterial QS and e.g., interacted with LuxR-receptors like CviR from 

Chromobacterium violaceum or LasR from Pseudomonas aeruginosa (Teplitski et al., 
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2000, 2004). Furthermore, some LuxR solos responsed to plant derived low molecular 

weight compounds, which are found in different PABs and are important for plant host 

recognition. Representatives of these QS-related LuxR solos are OryR and XccR from 

plant pathogenic Xanthomonas campestris and Xanthomonas oryzae, respectively, or 

PipR and PsoR from plant beneficial Pseudomonas GM79 and Pseuodmonas 

fluorescens, respectively (Ferluga et al., 2007; Ferluga and Venturi, 2009; Patankar 

and González, 2009; Subramoni and Venturi, 2009; Coutinho et al., 2018; Mosquito et 

al., 2020). It is likely that the chemical nature of these plant compounds is diverse, as 

PipR from root endophytic Pseudomonas, responded to ethanolamine derivatives 

(Coutinho et al., 2018), while OryR responded to a yet unknown plant compound 

(Zhang et al., 2007). These PAB luxR solo genes are found adjacent to the virulence-

associated proline iminopeptidase coding pip gene, which e.g., is indispensable for 

Xanthomonas virulence after sensing the plant host via OryR or orthologous XccR 

(Ferluga et al., 2007; Zhang et al., 2007; Chatnaparat et al., 2012). Interestingly, P. 

luminescens harbors a homologous pip gene (PluDJC_14120) also coding for a proline 

iminopeptidase and might also be important in plant host colonization. Therewith, P. 

luminescens might yield free proline and adapt to the new environment in the 

rhizosphere when colonizing plant roots. Indeed, it is already known that P. 

luminescens switches from the nematode symbiotic to the pathogenic lifestyle upon 

sensing L-proline in insects’ hemolymph. Therefore, P. luminescens cells released 

from nematodes into the insects adapt to the new host environment (Crawford et al., 

2010, Waterfield, 2013).  

Besides binding signaling molecules, LuxR regulators also act as transcriptional 

factors since they have a C-terminal HTH DNA binding domain (DBD) (Shadel et al., 

1990; Slock et al., 1990; Choi and Greenberg, 1991, 1992; Fuqua et al., 1994). In the 

canonical QS system LuxR-type regulators control transcription of specific genes by 

binding the respective promoters at a conserved site called lux box (Devine et al., 1989; 

Stevens and Greenberg, 1997). Although all LuxR receptors share a low homology 

grade, there are specific conserved AA that can be found in both domains throughout 

all LuxR receptors. According to Fuqua et al., 1996 three conserved AA - E178, L182, 

and G188 - are present in the DBD of LuxR, critical for DNA binding properties of the 

protein (Whitehead et al., 2001; Zhang et al., 2002) and are also found in the DBD of 

SdiA in P. luminescens. In presence of the respective signaling molecule LuxR 

receptors change their conformation and subsequently activate or repress the 
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expression of target genes. Adjacent to sdiA, P. luminescens harbors a gene named 

PluDJC_01670, coding for a PixA inclusion body protein, which function is still unclear. 

Although suggested, PixA is not involved in virulence and colonization towards insect 

hosts in Xenorhabdus nor in Photorhabdus strains (Goetsch et al., 2006). However, 

PluDJC_01670 sequence shows homology to aidA of the PAB Ralstonia 

solanacearum, which leds to the assumption that PixA might be involved in 

Photorhabdus-plant interaction. For this purpose, PluDJC_01670/pixA was re-named 

into aidA. Indeed, in R. solanacearum AidA plays an important role in temperature 

dependent virulence against plants. Like in P. luminescens the respective gene aidA 

is located adjacent to luxR-like gene, solR, which codes for a LuxR regulator that 

strongly influences aidA expression in R. solanacearum (Flavier et al., 1997; Meng et 

al., 2015). Therefore, DNA binding properties of SdiA were further analyzed in absence 

and presence of putative signal molecules via SPR. Thereby, the intergenic region 

between sdiA and adjacent aidA were considered as region that putatively contains 

the promoters, both harboring a lux-box-like motif in the shared promoter region 

(Chapter 5). Indeed, SdiA binds its own promoter in absence of a signal molecule with 

high affinity. However, the fast dissociation indicated a fast and accurate 

autoregulatory mechanism of SdiA independent of a signal molecule (Chapter 5, Fig. 
3B), suggesting an intrinsic mechanism of QS modulation, similar to those described 

for EsaR of Pantoea, where EsaR regulates its own expression via signal-independent 

repression, whereas a de-repression occurred upon signal binding (Minogue et al., 

2002). Moreover, two binding events with high affinity and stability for SdiA of P. 

luminescens towards the promoter of aidA in absence of a signal molecule could be 

identified, indicating that this 310 bp long intergenic region between aidA and sdiA 

could act as bidirectional promoter. Therefore, these data propose that SdiA is capable 

of bidirectional stimulation of transcription of these two oppositely oriented genes, 

similar to LuxR of Vibrio fischeri towards the lux genes (Shadel and Baldwin, 1991). 

The DNA binding property of SdiA towards both promoters was reduced upon PRE 

(Chapter 5, Fig. 3B), confirming the hypothesis that SdiA modulate genes signal 

independent and DNA-binding ability is impaired upon signal binding as mentioned 

above. Usually, AHLs binding to LuxR receptors leads to, among other things, 

dimerization of the proteins, subsequently initiating DNA-binding (Nasser and 

Reverchon, 2007). In contrast, it might that dimerization of N-terminal SBD of SdiA is 

inhibited or occurs differently upon signal binding, which in turn might inhibit 
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dimerization and activity of the C-terminal DBD. Whether SdiA in its native 

conformation regulates expression of sdiA itself or the expression of aidA in a positive 

or negative way is yet unknown. So far, due to the findings that aidA is regulated by 

SdiA, which was altered upon PRE, like it was reported for plant pathogenic R. 

solanacearum (Flavier et al., 1997), a role of AidA of P. luminescens in plant host 

colonization can be concluded. Generally, AidA could be involved in SdiA-mediated 

host colonization in Photorhabdus spec. Indeed, also Photorhabdus temperata and 

Photorhabdus asymbiotica harbor the sdiA-aidA gene cluster which might be essential 

for eukaryotic host colonization (Chapter 5, Fig. 1).  

Taken together, a novel IKS communication circuit in P. luminescens involving LuxR 

solos with plants could be determined. It is in accordance with the unidirectional IKS 

circuit that has been described to be evolved from canonical AHL-QS systems where 

the LuxR solos no longer respond to endogenously produced AHLs, but to plant signals 

(González and Venturi, 2013; Venturi and Fuqua, 2013). Furthermore, for SdiA 

regulator an accurate signal independent (auto-) regulatory mechanism in P. 

luminescens is suggested, changing its mode of action upon signal binding, likely due 

to conformational changes Whether genes are positively or negatively regulated by 

SdiA still has to be investigated. It might be that LuxR solos such as SdiA can already 

activate the expression of genes in a signal-independent manner, which are then 

impaired upon signal binding to adapt to their new environment or host. Furthermore, 

these data give evidence of a plant derived compound binding to SdiA of P. 

luminescens. Although the chemical nature is still unknown, on the basis that SdiA 

reacted to AHLs, a putative AHL-mimicking substance produced by the plant might be 

involved in SdiA-IKS. Upon the observed correlation between SdiA and PRE, in respect 

to motility and biofilm phenotypes, it can be assumed that SdiA putatively modulates 

the expression of different genes, which emerged to be differently expressed in 2° cells 

in the presence of PRE. The expression of genes like chi2A or cbp that are involved in 

biocontrol of 2° cells might be very likely modulated by SdiA (Fig. 9-4). Lastly, a 

putative novel role to AidA (previously named PixA) in the plant host colonization of 

Photorhabdus, since involvement in insect host virulence and nematode colonization 

was excluded (Goetsch et al., 2006) 
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Figure 9-4: Influence of plant signal binding on SdiA regulation and the effect on P. luminescens 
2° behavior in the rhizosphere. Plants produce different compounds like derivatives of indole, glycerol, 
or ethylamine, as well as AHLs that are sensed by different LuxR regulators. The LuxR solo SdiA of P. 
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luminescens is a regulator of, among putative other phenotypes, motility and biofilm formation. In 
absence of a putative ligand SdiA positively modulates motility, while expression of biofilm formation is 
inhibited. Once a plant derived signal binds to SdiA, motility of P. luminescens 2° is impaired, while the 
bacteria start to produce an extracellular polymeric substance (EPS) matrix resulting in biofilm. 
Furthermore, the expression of genes involved in biocontrol activity, like chi2A or cbp might also be 
modulated by SdiA upon signal binding, since these genes are upregulated in 2° cells in presence of 
PRE. DNA-binding affinity of SdiA towards the bidirectional promoter between aidA and sdiA is reduced 
upon PRE, indicating a role of AidA in plant host colonization. The plants profit from this interaction with 
2° cells since the development of lateral roots (LR) and root hairs (RH) is increased and they are 
protected from phytopathogenic fungi. 
 

9.3  P. luminescens 1° and 2° cells - different phenotypes despite 
the same genome 

 
The occurrence of two distinct phenotypes in a genetical homogenous population 

is referred to as phenotypic heterogeneity (Avery, 2006; Davidson and Surette, 2008; 

Grote et al., 2015), resulting in a phase variation correlated with altered gene 

expression (Elowitz et al., 2002; van der Woude, 2011; Davis and Isberg, 2016), a 

phenomenon also observed for entomopathogenic P. luminescens. In its dualistic 

lifecycle up to 50% of the 1° cells switch into the 2° cell variant lacking several 1°-

specific phenotypes such as symbiosis with nematodes, biofilm formation, 

pigmentation, bioluminescence, and the production of secondary metabolites (Akhurst, 

1980; Forst et al., 1997; Joyce and Clarke, 2003; Eckstein and Heermann, 2019). So 

far, larger DNA rearrangements or modifications, genetic instability, or the loss of 

plasmids could be excluded in the switching process to P. luminescens 2° cells, thus 

suggesting that the differences between 1° and 2° cells could be caused by phenotypic 

and not genetic heterogeneity, but no evident data was provided, yet (Akhurst et al., 

1992; Forst et al., 1997; Hu and Webster, 1998; Forst and Clarke, 2002). To confirm 

this hypothesis, the genomes of P. luminescens subs. laumondii strain DJC 1° cells 

was compared with those of 2° cells (Zamora-Lagos et al., 2018) [later reclassified as 

P. laumondii, (Machado et al., 2018)]. HTS genome comparison of both laboratory 

strains as well as switched 2° cells (resulted from prolonged cultivation of 1° in the 

laboratory), showed no evident point mutations or DNA rearrangements in the genome, 

moreover, all indicated SNPs were not equally distributed and were inconsistent. 

Inconsistent SNPs were also observed in 1° cells after prolonged cultivation (Dominelli 

et al., 2022b, Chapter 6), which is a common phenomenon occurring in nature: 

bacteria replicating over a long time undergo several stress conditions, such as nutrient 

limitation leading to the occurrence of spontaneous mutations with a rate ranging 
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between 1*10-6 and 1*10-8 base substitutions per nucleotide per generation and is 

supposed to create a balance between effects of deleterious mutation rate and 

metabolic costs (Drake et al., 1998; Denamur and Matic, 2006; Westra et al., 2017). 

As in all tested replicates point mutations were unequally distributed and not located 

in the same genetic region, it can be concluded that P. luminescens 1° and 2° cells are 

genetically identical and the different phenotypic traits result from true phenotypic and 

not genotypic heterogeneity (Dominelli et al., 2022b, Chapter 6, Table 1). For that 

reason, the different traits displayed by 1° and 2° cells are a result of a complex 

regulation on transcriptional or posttranscriptional level as it could partially be 

addressed by performing comparative transcriptome analysis of 1° and 2° cells, 

revealing different expression patterns in 672 genes. Indeed, the analysis could 

confirm that all the genes involved in 1°-specific traits such as luxCDABE for 

bioluminescence, antABCDEFGHI for pigmentation, cipA/cipB for crystal inclusion 

proteins, pcfABCDEF for cell clumping, stlA for antibiotics are downregulated in 2° cells 

thus providing evidence that the difference between 1° and 2° cells is due to regulation 

at transcriptional level (Eckstein et al., 2019, Chapter 2, Table 1 & Fig. 2). 

Furthermore, in different organisms non-genetic phenotypic heterogeneity in response 

to quorum sensing (QS), whereupon two distinct sub-population evolved, was 

observed (Anetzberger et al., 2009; Pradhan and Chatterjee, 2014; Cárcamo-Oyarce 

et al., 2015; Bauer et al., 2017). The transcriptome analysis revealed that 13 out of the 

40 LuxR solos in P. luminescens were differently expressed, indicating a possible QS 

dependent regulation of phenotypic heterogeneity in P. luminescens. Genes coding for 

PluR and PpyS (pyrone synthase) are downregulated in 2° indicating that the 

PluR/PpyS QS is used for cell-cell-communication only in 1° cells (Eckstein et al., 2019, 

Chapter 2). This observation is in accordance with the regulatory role of PluR/PpyS on 

the expression of pcf operon, encoding the cell clumping factor PCF, which is a 1°-

specific trait (Brachmann et al., 2013). However, 12 further genes coding for LuxR 

solos were upregulated in 2° cells. These are i) one operon consisting of 8 genes, 

PluDJC_10415-PluDJC_10460, and two single genes, PluDJC_04850 and 

PluDJC_18380, all coding for PAS4-LuxR solos, which putatively are involved in IKS 

(Brameyer et al., 2014; Eckstein et al., 2019, Chapter 2, Table S1) and ii) two more 

LuxR solos, PluDJC_09555 and PluDJC_21150 with yet undefined SBDs (Brameyer 

et al., 2014). For the unidentified SBD in PluDJC_21150 via SMART (http://smart.embl-

heidelberg.de) a GAF domain in the HTH-DNA binding site could be identified 

http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
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(Dominelli and Heermann, unpublished), which is an ubiquitous signal motif acting as 

a cGMP receptor and it is involved in perception of stimuli and signal transduction (Ho 

et al., 2000). This suggests a QS-dependent putative role of cyclic nucleotides in 

phenotypic heterogeneity regulation in P. luminescens. In conclusion, it could be 

confirmed that 1° and 2° cells are genetically identical, and the occurrence of 

phenotypic heterogeneity could be caused by differential modulation of the 

transcriptome; and we pointed out that both cell variants use distinct QS mechanisms 

for a cell-cell-communication, however, whether they are involved in regulation of 

phenotypic heterogeneity, must be clarified.  

 

9.4  Outlook 
 
In this work novel insights into the fate of P. luminescens 2° cells in the soil and the 

rhizosphere as well as a novel bio applicability in agriculture could be identified. It 

opened several questions regarding biotechnological as well as infection biological 

aspects. It is of great importance to deeper understand i) the ecological meaning 

behind the strategy of a pathogenic bacterium to remain in soil after killing its host, and 

ii) the biotechnological applicability of 2° cells in the rhizosphere in agriculture 

regulatory mechanism behind communication between P. luminescens and plants. 

A major open question is the ecological meaning behind the alternative lifestyle P. 

luminescens undergoes after killing the insect host and switching to 2° cells. Regarding 

infection biological aspects, it is of great importance to understand whether this 

phenotypic switching is an alternative strategy pathogenic bacteria undergo to persist  

or to find another host. This can be of great relevance to study survival strategies of 

human, animal, or plant pathogenic bacteria after leaving their hosts. Therefore, P. 

luminescens might serve as good model organism to study such alternative lifestyles 

enteric pathogens undergo. However, for deeper understanding this strategy, the 

reason why 1° cells switch to 2° and undergo an alternative lifestyle must still be 

examined, and the switching responsible signal molecule needs to be determined. 

To deeper elucidate the biotechnological aspects the range and limits of applicability 

of 2° cells as biocontrol agent must be determined. Therefore, further work should be 

investigated to test which phytopathogenic fungi are affected by P. luminescens 2°, 

and whether 2° cells antifungal activity is only restricted on chitinous fungi. Moreover, 

the range of plant hosts colonized by 2° cells should be determined. Another 

biotechnological relevant approach would be to elucidate whether 2° cells produce 



Concluding discussion | Chapter 9 
 

 171   

volatile organic compounds (VOCs) which have a positive effect on plant root 

formation. For that, different approaches according to Rering et al., 2020 could be 

followed using methods like solid-phase microextraction (SPME) or solid-phase 

extraction (SPE) for volatile collection, which can then be either applied on plants or 

further analyzed via gas-chromatography-mass spectrometry for detection. 

However, another open point is the IKS of 2° cells with plants that must be uncovered. 

Which is the plant derived signaling molecule that is finally sensed by SdiA? For that, 

the chemical nature of the PRE-fractions that bound to SdiA should be determined. 

There plant molecules can be analyzed via mass spectrometry to gain insights into the 

molecular weight and further the respective HPLC-UV-spectra can be compared to 

known QS-signaling molecules with similar masses. Applying these HPLC-fractions in 

bio-reporter assays using Chromobacterium violaceum CV026 strain (McClean et al 

1997, Cha et al 1998), or Agrobacterium tumefaciens A136 (pCF218) (pMV26) (Sokol 

et al., 2003; Chambers et al., 2005) could detect presence of AHLs. Moreover, effect 

of further potential signals, such as indole or glycerol, on SdiA protein stability should 

be analyzed.  

Additionally, proteome analysis of sdiA deletion mutants would give an overall insight 

into the regulatory role of SdiA, giving indications how genes and which proteins in 

respect to e.g., biofilm and motility are modulated. Subsequently, fluorescent based 

reporter assays using the respective promoters harboring a lux-box like motif of e.g., 

flagellin coding fliC or biofilm regulator bssS, but also the promoters of aidA and sdiA, 

which already showed binding affinity towards SdiA, should also be taken in 

consideration. In these in vivo studies the reporters would also help to further 

investigate the HPLC fractions from PRE, but also the effect of AHLs and further 

compounds like indole. 

Moreover, the proteome analysis would also give insights into the effect of SdiA on 

AidA. Nevertheless, to understand the role of AidA in plant host colonization, respective 

deletion mutants in P. luminescens 1° and 2° should be generated and plant 

colonization assays can be performed. Additionally, the lux-box like motifs of the tested 

promoters that are bound by SdiA, should be comparatively analyzed for conserved 

nucleotides sequence to define the specific DNA-recognition motif for SdiA. Thus, 

these nucleotides can be deleted or substituted, and further surface plasmon 

resonance spectrometry (SPR), or fluorescent-based reporter assays should be 

performed.  
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