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Nomenclature 

The two distinct cell forms of Photorhabdus luminescens subsp. luminescens strain DJC are 

called primary (1°) and secondary (2°) cells and referred to 1° and 2° cells. 

 

The symbol "∆" is used to indicate gene deletions in P. luminescens DJC. While gene 

integration is marked with “::” followed by the respective gene or vector used. 

 

Core components of the Type VI Secretion System are named as TssA-M. The effector and 

immunity proteins are named e.g. Tme and Tmi for Type VI membrane disrupting effector and 

Type VI membrane immunity protein. 

 

Figures and tables are numbered according to the chapters (i.e. Figure 1 of Chapter 2 = Fig. 

2.1).  
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Summary 

Biotechnology focuses on harnessing biological processes and organisms for practical 

applications, studying microbial systems to better understand their mechanisms and improving 

human health, agriculture, and industry. Bacterial secretion systems hold immense potential 

for the field, symbolising molecular weapons found in bacteria, like the type VI secretion system 

(T6SS). The T6SS facilitates competition by secreting toxic effectors to eliminate competitors 

thus being essential for bacterial fitness. Despite its significance, much remains unknown 

about how T6SSs act in different bacterial species and their contribution to microbial 

interactions. Investigating the T6SS in bacteria like Photorhabdus luminescens, which inhabits 

polymicrobial niches, is crucial to uncover bacterial strategies utilized to dominate and thrive 

in competitive environments. P. luminescens is an insect-pathogenic bacterium that colonizes 

various polymicrobial environments, such as nematode guts, plant roots and insect larvae. P. 

luminescens’ ability to inhabit these diverse niches suggests the employing of complex 

competitive mechanisms, possibly involving T6SSs. Nevertheless, the roles of T6SSs in P. 

luminescens remain poorly understood. Therefore, this study aims to investigate the T6SSs in 

P. luminescens to elucidate its role in bacterial competition and fitness, which could increase 

knowledge into microbial ecology and host-pathogen interactions. 

Initially, bioinformatic analyses identified four T6SS gene clusters in the P. luminescens DJC 

genome, alongside several auxiliary clusters encoding effector-immunity pairs, indicating 

T6SSs as a crucial mechanism to outcompete other organisms. Comparative proteome 

analysis between wild-type and T6SS-deficient strains revealed significant differences in 

protein abundance, demonstrating crucial role of T6SSs in enhancing the bacterial fitness. In 

particular, the T6SS-2 was found essential for interbacterial competition, underlining its role in 

microbial interactions. Further, the T6SSs were found linked to regulate other bacterial fitness 

factors, such as motility and secondary metabolism. Thus, strains lacking T6SS-2 showed 

increased movement and higher anthraquinone levels, suggesting that T6SSs not only impact 

bacterial competition but also influences other virulent key aspects found in P. luminescens. 
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Additionally, T6SS protein abundance varied in strains lacking T6SS function, indicating a 

compensatory mechanism. The T6SS-3 was particularly intriguing due to its novel structure 

and function, lacking diverse core components. However, the T6SS-3 was found involved in 

interbacterial competition, encoding four lipase effectors: including Tle4A, an antibacterial 

effector. The unique genetic structure of T6SS-3, encoding multiple VgrG tip-proteins with 

different C-terminal domains, likely facilitates the assembly of a multi-effector complex. This 

allows the system to inject a cocktail of toxic effectors into competitor cells, enhancing P. 

luminescens’ ability to compete in diverse environments. Fluorophore reporter microscopy 

showed a high expression rate of the T6SS-3 under various rhizosphere-similar environmental 

conditions, such as acidic, alkaline, and high salt concentrations. Moreover, expression was 

observed at 37°C, indicating a role in insect pathogenesis. This adaptability suggests a critical 

role of the T6SS-3 in enabling the bacterium to thrive in different environments. 

Furthermore, two membrane-disrupting effectors (Tme1) with antibacterial activity and related 

to the T6SS were identified. These effectors disrupt bacterial membranes putatively through 

pore formation and reduce bacterial cell growth. Time-lapse microscopy confirmed that Tme1A 

induces cell rounding, a hallmark of pore formation. Moreover, the Tmi immunity proteins 

(Tmi1A-F) neutralize these toxic effectors throughout binding on its C-terminal loop. Further, 

to assess the activity of the Tme1 effectors, luminescence-based reporter assays were 

established in P. luminescens through deletion of the lux operon. Thus, a new approach to 

study P. luminescens was implemented and further, reporter plasmids were used to monitor 

the role of Tme1 against bacterial competitors in vivo. Indeed, Tme1A was found active against 

bacterial cells and deletion of tme1A altered the killing capacity of P. luminescens. Thus, a role 

of those effectors in interbacterial competition could be assigned.  

In summary, this research advances our understanding of the complex role of T6SSs in P. 

luminescens, revealing their critical functions in bacterial competition and adaptation across 

diverse environments. These insights not only deepen our knowledge of interspecies 

interactions but also open avenues for future biotechnological applications, such as 

engineering bacterial systems for targeted antimicrobial strategies or sustainable agricultural. 
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Zusammenfassung 

Die Biotechnologie befasst sich mit der Nutzung biologischer Prozesse und Organismen für 

praktische Anwendungen, insbesondere zur Erforschung mikrobieller Systeme. Ziel ist es, 

deren Mechanismen detaillierter zu verstehen, um Fortschritte in der Medizin, Landwirtschaft 

und Industrie zu ermöglichen. Bakterielle Sekretionssysteme bergen ein beträchtliches 

Potenzial für die Biotechnologie, da sie als molekulare Waffen in Bakterien dienen, so 

beispielsweise das Typ VI-Sekretionssystem (T6SS). Das T6SS ermöglicht es Bakterien, 

toxische Effektoren zu sekretieren und somit Konkurrenzorganismen zu eliminieren, was 

essenziell für die Fitness und den Erfolg in komplexen Umgebungen ist. Trotz seiner zentralen 

Bedeutung sind viele Aspekte des T6SS, insbesondere in spezifischen Bakterienarten und 

dessen Beitrag zu mikrobiellen Interaktionen, noch weitgehend unbekannt. 

Die Untersuchung des T6SS in Photorhabdus luminescens, einem Insektenpathogen, das 

polymikrobielle Lebensräume wie Nematodendärme, Pflanzenwurzeln und Insektenlarven 

besiedelt, ist von besonderer Relevanz. Die Fähigkeit von P. luminescens, in derart 

unterschiedlichen Lebensräumen zu existieren, deutet auf komplexe 

Konkurrenzmechanismen hin, bei denen das T6SS vermutlich eine zentrale Rolle spielt. Ziel 

dieser Arbeit war es, die Funktion des T6SS in P. luminescens zu analysieren, um dessen 

Bedeutung für bakterielle Konkurrenz, Fitness und Interaktionen innerhalb mikrobieller 

Gemeinschaften sowie mit Wirtsorganismen besser zu verstehen, sowie das Potenzial des 

T6SS für die biotechnologische Anwendung zu ermitteln. 

Mittels bioinformatischer Analysen konnten vier T6SS-Gencluster im Genom von P. 

luminescens DJC identifiziert werden, zusätzlich zu mehreren zusätzlichen Clustern, die für 

Effektor-Immunitäts-Paare kodieren. Diese Ergebnisse weisen auf das T6SS als 

entscheidenden Mechanismus hin, mit dem P. luminescens mit Konkurrenzorganismen 

interagiert. Proteomanalysen von Wildtyp- und T6SS-defizienten Stämmen zeigten signifikante 

Unterschiede in der Proteinexpression und verdeutlichten die Rolle des T6SS für die 

bakterielle Fitness. Insbesondere das T6SS-2 erwies sich als essenziell für die interbakterielle 

Konkurrenz und beeinflusste zugleich weitere Fitnessfaktoren wie die Motilität und den 
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Sekundärstoffwechsel. T6SS-2-defiziente Stämme zeigten beispielsweise eine erhöhte 

Motilität und eine verstärkte Produktion von Anthrachinon, was darauf hindeutet, dass das 

T6SS nicht nur die bakterielle Konkurrenzfähigkeit, sondern auch andere essenzielle 

physiologische Prozesse beeinflusst. 

Darüber hinaus variierte die T6SS- Proteinkonzentration in Stämmen ohne T6SS-Funktion, 

was auf einen Kompensationsmechanismus hindeutet, da T6SS-1- und T6SS-2-defiziente 

Stämme höhere Proteinkonzentrationen von T6SS-3 und T6SS-4 aufwiesen. Insbesondere 

das T6SS-3 war aufgrund seiner neuartigen Struktur und Funktion, bei der verschiedene 

Kernkomponenten fehlen, besonders interessant. Es wurde festgestellt, dass das T6SS-3 an 

der interbakteriellen Konkurrenz beteiligt ist und für vier Lipase-Effektoren kodiert, darunter 

Tle4A, ein antibakterieller Effektor. Die einzigartige genetische Struktur des T6SS-3, die für 

mehrere VgrG-Tip-Proteine mit unterschiedlichen C-terminalen Domänen kodiert, ermöglicht 

vermutlich den Aufbau eines Multi-Effektorkomplexes. Dadurch kann das System einen 

Cocktail aus toxischen Effektoren in konkurrierende Zellen injizieren und so die 

Konkurrenzfähigkeit von P. luminescens in verschiedenen Lebensräumen verbessern. 

Fluorophore Reportermikroskopie zeigte eine hohe Expressionsrate von T6SS-3 unter 

verschiedenen Rhizosphären ähnlichen Umweltbedingungen, wie z. B. sauren, alkalischen 

und hohen Salzkonzentrationen. Darüber hinaus wurde die Expression bei 37°C beobachtet, 

was auf eine Rolle des T6SS-3 bei der Pathogenese von Insekten hinweist. Diese 

Anpassungsfähigkeit deutet darauf hin, dass das T6SS-3 eine entscheidende Rolle dabei 

spielt, dass das Bakterium in verschiedenen Umgebungen überleben kann. 

Darüber hinaus wurden zwei membranstörende Effektoren (Tme1) mit antibakterieller Aktivität 

identifiziert, die mit dem T6SS in Zusammenhang stehen. Diese Effektoren zerstören 

bakterielle Membranen, vermutlich durch Porenbildung und hemmen das bakterielle 

Zellwachstum. Mittels Zeitraffermikroskopie wurde gezeigt, dass Tme1A die Zellrundung, ein 

Kennzeichen der Porenbildung, induziert. Gleichzeitig neutralisieren die Tmi-Immunproteine 

(Tmi1A-F) diese toxischen Effektoren durch Bindung an die C-terminale Schleife der Tme-

Effektorproteine. Um die Aktivität der Tme1-Effektoren zu ermitteln, wurden in P. luminescens 



 
 

XVIII 

durch Deletion des lux-Operons Lumineszenz-Reporter-Assays durchgeführt. So wurde ein 

neuer Ansatz zur Untersuchung von P. luminescens implementiert und außerdem konnte durch 

Reporterplasmide die Rolle von Tme1 gegen bakterielle Konkurrenten in vivo untersucht 

werden. Tatsächlich erwies sich Tme1A als aktiv gegen bakterielle Zellen und die Deletion von 

tme1A veränderte die Tötungsfähigkeit von P. luminescens. Folglich konnte die Rolle dieser 

Effektoren im interbakteriellen Wettbewerb eingeordnet werden.   

Zusammenfassend lässt sich sagen, dass diese Forschungsarbeit das Verständnis der 

komplexen Rolle der T6SSs in P. luminescens vertieft und wichtige Funktion für die bakterielle 

Konkurrenz und Anpassung in verschiedenen Umgebungen aufzeigt. Diese Einblicke vertiefen 

nicht nur das Wissen über die interbakteriellen Interaktionen, sondern eröffnen auch 

Möglichkeiten für zukünftige biotechnologische Anwendungen, wie die Entwicklung bakterieller 

Systeme für gezielte antimikrobielle Strategien. 
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1. Introduction 

1.1 Biotechnology: Sustainable solutions and microbial 

applications 

In light of global challenges such as food insecurity, antibiotic resistance, climate change, and 

environmental degradation, biotechnology offers cutting-edge solutions across various fields 

when compared to traditional methods (Tyczewska et al. 2023). Conventional approaches in 

agriculture, medicine and environmental management — including chemical treatments, 

synthetic drugs, and fossil-fuel-based processes — have often resulted in adverse effects such 

as resource depletion, increased carbon dioxide emissions and the emergence of resistances 

in pests and pathogens (Rathore und Singh 2022; Jurick II. 2022). Thus, biotechnology 

provides a more efficient, targeted, and sustainable alternative that minimizes these risks and 

helps overcome limitations (Villadsen 2007; Ghosh et al. 2019). For example, microorganisms 

can be genetically manipulated to be employed in different industrial processes (Tripathi et al. 

2017). However, ethical concerns arise regarding the use of genetically modified organisms 

(GMO). Nevertheless, contemporary biotechnological techniques can be employed to identify 

novel microorganisms with diverse capabilities (van Dorst et al. 2016). These newly identified 

bacteria have the potential to be used in diverse industrial processes, nowadays as a 

polymicrobial solution (Tripathi et al. 2015). Yet, inter- and intraspecies competition can alter 

microbial ratios, leading to inefficient substrate transport thus having negative impact on the 

biotechnological process in which they are employed (Hays et al. 2015). While competition 

among microbial species can reduce process efficiency, it also opens valuable avenues for 

studying underlying mechanisms that could enhance biotechnological applications 

(Pourhassan et al. 2021). Bacterial secretion systems hold immense potential for the field, 

especially in the production and secretion of recombinant proteins. By facilitating the export of 

proteins into the extracellular environment, these systems offer distinct advantages over 

traditional intracellular expression (Burdette et al. 2018; Kanonenberg et al. 2018). One key 

benefit of bacterial secretion systems is that they simplify downstream processing and 
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purification, as the target proteins are secreted directly into the surrounding medium (Filloux 

2011). This not only reduces the toxicity to host cells but also allows for proper protein folding 

outside the cell, enhancing protein stability and functionality (Choi und Lee 2004). Additionally, 

secretion systems enable continuous protein production, which can increase yield and 

streamline industrial processes. 

In exploring bacterial secretion systems, biotechnology can benefit from these natural 

mechanisms to develop novel, sustainable solutions for environmental and medical 

challenges. As a case in point, microorganisms from the Photorhabdus genus serve as 

valuable models, providing insights into competitive microbial interactions that can inform more 

efficient and targeted biotechnological applications. 

1.2 The genus Photorhabdus: diversity, pathogenicity and 

symbiosis 

The Photorhabdus species belong to the Gram-negative bacteria and are generally known for 

their insect pathogenicity as well as being the only terrestrial bacterium able to produce light 

(Akhurst 1980; Peat et al. 2010; Daborn et al. 2001). Back in 1977, Khan and Brooks identified 

the first Photorhabdus species which led to subsequent analyses and currently 19 different 

Photorhabdus species have been identified (Khan und Brooks 1977; Machado et al. 2018). All 

19 Photorhabdus species are pathogenic towards insect larvae like Galleria mellonella or 

Manducta sexta and exist in a symbiotic relationship with EPNs of the genus Heterorhabditis 

(Akhurst 1980; Akhurst und Boemare 1988; Khan und Brooks 1977). In this symbiosis the 

bacteria provide the nematodes with a hospitable environment inside the insect host, facilitated 

by the bacterial production of toxins and enzymes that kill the insect and degrade the cadaver 

(Waterfield et al. 2009).  

However, certain Photorhabdus species have been shown to also interact with different 

eukaryotic hosts. For example, the species Photorhabdus asymbiotica was found to be 

associated with human infections, highlighting its pathogenic potential beyond insect hosts 

(Gerrard et al. 2003). In contrary, Photorhabdus luminescens DJC, was shown to colonize 



3 
 

plant roots, thereby suggesting a broader role in the rhizosphere besides insect pathogenicity 

(Regaiolo et al. 2020). However, the best characterized species of the Photorhabdus genus, 

is the strain Photorhabdus luminescens subsp. laumondii TTO1 (Machado et al. 2018). Yet, 

recent findings on the P. luminescens strain DJC regarding its ability to colonize plant roots 

and further protect plants against phytopathogens has made it a research candidate with the 

prospect of potential application as a biocontrol agent or unravel new biotechnological targeted 

approaches (Dominelli et al. 2022b; Regaiolo et al. 2020). 

1.2.1 The life cycle of P. luminescens: a model organism for bacteria-host 

interactions 

The life cycle of P. luminescens, also designated as P. laumondii subsp. laumondii, includes 

multiple interactions with various eukaryotic hosts and therefore, P. luminescens is considered 

a model-organism to study bacteria-host interactions (Clarke 2008; Machado et al. 2018). 

Throughout the life cycle, the bacteria colonize the gut of soil-living infective juveniles of the 

Heterorhabditidiae family (Fig 1.1) (Forst et al. 1997). The infective juvenile (IJ) is the non-

feeding stage of the nematodes, crucial for infection of new insect hosts (Bedding und 

Molyneux 1982; Stock und Kaya 1996). Through the mouth, anus or spiracles, the IJs can 

enter the insect body and move towards the insect haemocoel, where the P. luminescens cells 

are regurgitated from the nematode gut into the insect’s haemolymph (Kaya und Gaugler 1993; 

Bedding und Molyneux 1982; Ciche und Ensign 2003). Inside the larvae, the bacterial cells 

enter the pathogenic lifestyle and start the production of various virulence factors, including 

the Tc toxins (insecticidal toxin complexes) and Mcf toxin (makes caterpillars floppy) as well as 

various proteases and lipases (Bowen et al. 1998; Blackburn et al. 1998; Daborn et al. 2002; 

Rajagopal und Bhatnagar 2002; Zamora-Lagos et al. 2018). Meanwhile, P. luminescens cells 

protect themself against the insect immune system through the production of bioactive inhibitor 

molecules like isopropylstilbene or rhabduscin (Crawford et al. 2012; Eleftherianos et al. 2007). 

Following, through the secretion of exoenzymes, Photorhabdus degrades the dead insect 

cadaver to provide nutrition for its own growth as well as for the growth of a new cycle of 

nematodes (Waterfield et al. 2009). The P. luminescens cells re-enter their symbiotic lifestyle 
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and provide the nematodes with essential nutrients and secondary metabolites, which support 

the nematodes development (Han und Ehlers 2001). Once the nutrients are depleted, P. 

luminescens reassociates with the new generation of infective juveniles, which now leave the 

insect cadaver in search of a new prey, thereby restarting the symbiosis- and pathogenic-

lifestyle (ffrench-Constant et al. 2003). Thus, P. luminescens shares a similar pathogenic life 

cycle as P. temperata and P. asymbiotica: nevertheless, the P. luminescens strain DJC has 

recently been found to have an alternative lifestyle in the soil. Hence, P. luminescens colonizes 

plant roots in the rhizosphere and promotes the development of plant growth while protecting 

the plants through chitinolytic and fungicidal activity against fungal phytopathogens such as 

Fusarium graminearum (Regaiolo et al. 2020; Dominelli et al. 2022b). 

 

Figure 1.1 Life cycle and phenotypic heterogeneity of the insect pathogenic Photorhabdus 

luminescens. The life cycle of P. luminescens is characterized by two symbiotic lifestyles as well as a 

pathogenic lifestyle. The P. luminescens cells establish a symbiosis within the gut of nematodes of the 

Heterorhabditidiae family. Upon invading insect larvae of e.g. Galleria mellonella, the bacteria are 

released into the haemolymph and start to produce different toxins. Within 24 h, the larvae die and are 
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degraded into a nutrient source for the new generation of nematodes. Within this phase, part of the 1° 

cells switch to 2° cells. While the 1° cells reassociate with the nematodes, the 2° cells remain in the 

rhizosphere, entering the second symbiotic lifestyle by colonizing plant roots. 

 

1.2.2 Phenotypic heterogeneity in Photorhabdus luminescens 

One of the reasons behind the complex life cycle of Photorhabdus luminescens is the 

phenotypic heterogeneity represented in the Photorhabdus species (Forst et al. 1997; 

Waterfield et al. 2009). Phenotypic heterogeneity is the result of evolutionary pressure to adapt 

to different conditions in order to preserve the bacterial fitness and bacteria can face those 

environmental stresses through genomic rearrangements or through the methylation of DNA 

(Smits et al. 2006). However, in terms of phenotypic heterogeneity the cells are genetically 

identical, yet, the gene expression is altered to enhance the bacterial fitness and therefore 

results in different cell forms with various phenotypic traits (Elowitz et al. 2002; Dominelli et al. 

2022a).  

Recent studies confirmed that the different cell forms found in P. luminescens are based on 

phenotypic heterogeneity. The primary (1°) and secondary (2°) cells are genetically identical, 

although their phenotypic characteristics differ greatly from each other (Dominelli et al. 2022a). 

There are multiple prominent features found in 1° cells which are absent or reduced in the 2° 

cell form like i) mutualistic symbiosis with nematodes, ii) bioluminescence and red 

pigmentation, iii) production of antibiotics like carbapenem and diverse secondary metabolites 

like IPS and anthraquinone, and iv) production of crystalline inclusion bodies (CipA and CipB) 

as well as cell clumping through the Photorhabdus cell clumping factors (PCF) (Akhurst und 

Boemare 1988; Akhurst 1980; Langer et al. 2017; Richardson et al. 1988; You et al. 2006). 

Although both cell variants are pathogenic towards insect larvae, their lifecycles are very 

distinct and so far, it has only been reported that the 1° cells are found in the symbiotic stage 

with nematodes and the pathogenic stage. Therefore it is assumed, that part of the 1° cells 

switch to the 2° cells after depletion of the larvae nutrients (Han und Ehlers 2001).  
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While it was known that the 1° cells re-associate with nematodes and re-enter their symbiotic 

life cycle, it was long unclear whether the 2° cell forms enter a yet unidentified alternative life 

cycle. Initial studies have shown that the 2° cells are better adapted to an alternative lifestyle 

in the soil, with increased motility and temperature tolerance, as well as an alternative 

metabolism to adapt to nutrient limitation (Eckstein et al. 2019). The open question of what 

happens to the 2° cells in the soil has been resolved, as their colonization of plant roots has 

been observed for the first time, together with plant protection against phytopathogens by 

inhibiting fungal growth through chitin hydrolyzation (Regaiolo et al. 2020; Dominelli et al. 

2022b). However, many aspects of the lifestyle and life cycle of P. luminescens remain unclear, 

such as the ability of 2° cells to revert to 1° cells and the role of bioluminescence and 

anthraquinones. Nevertheless, the distinct phenotypic traits exhibited by the two cell forms of 

P. luminescens provide a promising foundation to uncover novel biotechnological tools, ranging 

from advanced bioinsecticides to sustainable methods for plant protection. 

1.3 Virulence factors in Photorhabdus luminescens 

Besides the phenotypic heterogeneity and symbiotic features which contribute to the symbiotic 

relationship between Photorhabdus and its hosts, various virulence factors are also important 

for maintaining the symbiosis and protecting the insect carcass against other microbes 

(Zamora-Lagos et al. 2018). Generally, four different groups of toxins that exhibit insecticidal 

activity are well-studied in P. luminescens: i) the makes caterpillars floppy (MCF) toxins, ii) the 

toxin complexes (Tcs), iii) the Photorhabdus insect related proteins (Pir) and iv) the 

Photorhabdus virulence cassettes (PVCs) (Yang et al. 2006; Ffrench-Constant et al. 2007). 

The Tcs are located on pathogenicity islands distributed throughout the Photorhabdus genome 

and are high-molecular-weight insecticidal toxins composed of multiple subunits (Waterfield et 

al. 2001; Ffrench-Constant et al. 2007). PirAB proteins are cytotoxic to insect cells, inducing 

apoptosis through DNA fragmentation or cell shrinkage, while the MCF toxins cause a "floppy" 

phenotype by destroying haemocytes and the midgut epithelium (Dowling et al. 2004; Li et al. 

2014). The fourth group, the PVCs, are extracellular injection systems (eCIS) consisting of 
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multiple proteins encoded by a single operon, and they are hypothesized to target eukaryotic 

cells, such as insect cells. Unlike the previously mentioned toxins, the PVCs share structural 

similarities with bacterial secretion systems like the type VI secretion system (T6SS) and R-

type pyocins (Vlisidou et al. 2019). 

1.4 Bacterial secretion systems in Photorhabdus luminescens 

Bacterial secretion systems, which are commonly found in Gram-negative bacteria, are used 

for the translocation of small molecules, DNA, or proteins into the surrounding environment or 

another cellular space (Costa et al. 2015; Tseng et al. 2009). The proteins produced in the 

cytoplasm must be transported out, the inner membrane (IM), the outer membrane (OM), and 

the periplasmic space, which requires a complex system. There are two known mechanisms: 

one-step secretion, where a channel spans the IM and OM and two-step secretion, where a 

protein is first transported into the periplasm through an embedded complex and then 

transferred through the OM (Kostakioti et al. 2005; El-Sharoud 2008).  

Secretion systems in P. luminescens are critical for its pathogenicity and symbiosis with 

nematodes (Rodou et al. 2010). This Gram-negative bacterium employs a variety of secretion 

systems, including type I, type II, type III, and type VI secretion systems, each with specific 

roles in its lifecycle and interaction with hosts. For instance, the Type III secretion system 

(T3SS) is essential for injecting effector proteins directly into the host cells, facilitating infection 

and immune evasion (Brugirard-Ricaud et al. 2005). The type I secretion system (T1SS) of P. 

luminescens is involved in the secretion of enzymes and toxins that degrade host tissues and 

promote nutrient acquisition (Bowen et al. 2003). The type II secretion systems (T2SS) can 

secrete a variety of extracellular enzymes, however only bioinformatic analysis confirmed the 

presence of T2SS core components and it was suggested, that the Pdl1 lipase can be 

transported via a T2SS (Yang et al. 2012; Rodou et al. 2010). These secretion systems 

collectively support P. luminescens to successfully infect insect hosts, evade their immune 

responses, and to convert the cadaver into a nutrient rich mass. One of those secretion 

systems, the type VI secretion system (T6SS), has gained a lot of interest throughout the last 
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years but the understanding of its role in the insect pathogen P. luminescens is limited. 

However, the diverse secretion systems employed by P. luminescens are not only vital for its 

pathogenicity and symbiosis but also present significant opportunities for biotechnological 

innovation, such as developing targeted pest control strategies and novel antimicrobial agents 

inspired by these molecular mechanisms. 

1.5 The Type VI Secretion System 

Since the first discovery of the T6SS (2006), the secretion system gained more and more 

attention as a nano-molecular weapon used by Gram-negative bacteria to fight against 

prokaryotic or eukaryotic cells (Pukatzki et al. 2006). While it was initially discovered in P. 

aeruginosa and V. cholerae, it is now estimated to be found in around 25% of pathogenic and 

non-pathogenic Gram-negative bacteria (Mougous et al. 2006; Pukatzki et al. 2006; Russell et 

al. 2014). After the first identification of the T6SS, numerous further studies followed to find out 

more about its role, composition and underlying mechanism of the system, as it may play a 

role in both interbacterial and interkingdom competition.  

Generally, the T6SS apparatus shares structural and functional homology with the contractile 

sheath of bacteriophages and can transfer toxins, so-called effectors into a neighboring target 

cells (Basler und Mekalanos 2012). It is composed of a complex assembly of proteins forming 

a dynamic structure, which is span across the cell envelope, capable of puncturing the cell 

membranes of target organisms (Durand et al. 2015). This system is not only crucial for 

bacterial survival and competitiveness but also for niche adaptation and virulence. Moreover, 

the versatility of the T6SS allows it to deliver a wide range of effector proteins, enabling bacteria 

to perform diverse functions such as intoxicating bacterial cells, host cell manipulation and also 

biofilm formation (Wood et al. 2019; Chen et al. 2020; Fridman et al. 2020). 

1.5.1 Structure of the Type VI Secretion System 

Generally, T6SSs consist of 13 core components, which are commonly encoded within one 

gene cluster, yet bacteria can harbor more than one operon encoding for T6SSs (Russell et al. 

2014). Further, so called pathogenicity islands or auxiliary clusters are often found spread on 
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the bacterial genome, encoding for additional structural components, adaptor proteins or 

effector and immunity proteins and can be a result of a prior horizontal gene transfer (Russell 

et al. 2014; Thomas et al. 2017).  

 

Figure 1.2 Assembly and activation of the T6SS. Assembly of the T6SS starts with the membrane 

complex, followed by the baseplate, docking to the membrane complex. Next, the tip is assembled, 

followed by the sheath-tube complex. The core component, TssA, locks the whole structure to the 

opposite inner membrane, maintaining it in a high-energy state, ready to fire. Upon activation, the sheath 

contracts and the tube is propelled out of the cell into a target cell, delivering toxic effectors. The sheath 

gets dissembled by the ATPase TssH, while the baseplate and membrane remain intact, ready for 

another round of assembly and firing. 

The structure is divided into six parts: i) the membrane complex consisting of TssJ, TssL and 

TssM, ii) the baseplate consisting of TssE, TssF, TssG and TssK, iii) the tube assembled of 

hemolysin-coregulated proteins (HcPs), iv) the spike consisting of trimeric valine-glycine 

repeat proteins G (VgrG) and proline-alanine-alanine-arginine repeat proteins (PAAR), v) the 

sheath consisting of TssB and TssC and vi) TssA, a protein required for sheath stabilization 

(Fig. 1.2) (Durand et al. 2015; Brunet et al. 2015; Shneider et al. 2013; Wang et al. 2017; 
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Bernal et al. 2021). The assembly of the T6SS starts with the recruitment of the membrane 

complex to the inner membrane, defining the position for the secretion system (Durand et al. 

2015). Thereby, TssJ reaches in the outer membrane and TssM in the inner membrane, while 

TssL is required for the interaction of the membrane complex with the baseplate (Durand et al. 

2012; Durand et al. 2015; Aschtgen et al. 2008). Following, the baseplate, which is similar to 

the baseplate of contractile phages, forms a wedge-like structure that docks onto the 

membrane complex and initiates the assembly of the VgrG tip, which in turn provides a platform 

for the polymerization of the hexameric HcP tube (Cherrak et al. 2018; Nazarov et al. 2018; 

Park et al. 2018). The sheath is composed of TssB and TssC subunits, polymerizing around 

the HcP tube and locks the whole complex in a high-energy status (Clemens et al. 2015; 

Kudryashev et al. 2015). The core component TssA is located at the cytosolic end of the T6SS, 

initiating the sheath polymerization and thereby migrating to the opposite site of the cell, 

anchoring the sheath-tube complex. Accessory proteins like TagA can anchor TssA to the 

membrane, leading to a longer duration time of the T6SS in a ready-to-fire state, while 

accessory proteins as TagB or TagJ only stabilize the sheath until the assembly is completed, 

followed by direct firing (Bernal et al. 2021; Dix et al. 2018; Schneider et al. 2019; Zoued et al. 

2017). 

Upon activation of the T6SS, a conformation change of the sheath leads to the re-location of 

the tip-tube complex outside of the cell into another target cell within a few milliseconds 

(Kudryashev et al. 2015; Wang et al. 2017; Vettiger et al. 2017). Thereby, the tip punctures the 

target cell and the effectors, bound to the tip are relocated inside the target (Brunet et al. 2013). 

Following, the sheath is recycled by the ATPase TssH/ ClpV, while the membrane complex 

remains intact, allowing another round of T6SS assembly and firing (Durand et al. 2015; 

Kapitein et al. 2013). 

1.5.2 The diversity of T6SS effectors and immunity proteins 

Besides the complexity of the T6SS apparatus which is shared among different bacteria, the 

variety regarding its effectors seems even broader, as those effectors can be anti-bacterial or 

anti-eukaryotic (Fridman et al. 2020; Hachani et al. 2016; Trunk et al. 2018). Those effectors 
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can be delivered inside a target cell through either direct or indirect binding to the tip, which 

requires so called adaptor proteins (Durand et al. 2014; Unterweger et al. 2017). Upon direct 

binding, the effector either interacts directly with the VgrG tip through covalent binding or a C-

terminal extension of the VgrG, or similarly with a PAAR protein or its C-terminal extension 

(Hernandez et al. 2020). In contrary, for indirect binding an adaptor protein is required, which 

interacts with the tip proteins and harbors a C-terminal extension, where the effectors can bind 

to (Cherrak et al. 2019). Further, T6SS effectors can also be secreted through the HcP tube 

and bind upon assembly to HcP and are following located inside of the HcP lumen. Yet, the 

tube diameter of 40 Å restricts this option to smaller effectors (Mougous et al. 2006). While the 

mechanism of effector delivery through the T6SS involves complex interactions with adaptor 

proteins, VgrG tips, PAAR proteins, or the HcP tube, the purpose of these effectors is to 

neutralize competitors or manipulate host cells (Allsopp und Bernal 2023).  

 

Figure 1.3 Diversity of antibacterial T6SS effectors. The model shows different enzymatic 

activities of T6SS effectors. Different toxins are shown in red. Tde effectors deploy DNase activity, 

targeting the DNA, while Tne effectors deploy NADase activity, degrading NAD(P) to nicotinamide and 

ADP-ribose. Effectors with synthetase activities like Tas can phosphorylate ATP and ADP, leading to 

accumulation of (p)ppApp. Other effectors can target the periplasm, like pore-forming effectors (Tme) 

or effectors with peptidase (Tpe), lipase (Tle) or amidase (Tae) activity (Adapted from Jurénas et al., 

2021) 
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Studies throughout the last years identified multiple T6SS effectors, targeting different cell 

compartments (Fig. 1.3): i) the Type VI lipase effectors (Tle) target the cell membrane and 

hydrolyse phospholipids, considered as trans-kingdom effectors, ii) the Type VI DNase 

effectors (Tde) target chromosomal DNA leading to complete DNA degradation, iii) the T6SS 

membrane disrupting effectors (Tme) targeting the inner membrane can cause membrane 

depolarization or iv) the T6SS antifungal effectors (Tfe), leading to fungal cell death by 

disrupting the plasma membrane potential (Jiang et al. 2016; Jiang et al. 2014; Jana et al. 

2019; Pissaridou et al. 2018; Fridman et al. 2020; Trunk et al. 2018). Further, to avoid killing of 

sister cells or self-intoxication, cognate immunity proteins are co-produced in combination with 

the effector and often named as effector-immunity (E-I) pairs. The respective genes encoding 

for immunity proteins are found on auxiliary clusters together with the upstream or downstream 

of the effector gene and mostly also with an additional gene encoding for an adaptor protein 

or for HcP, VgrG or a PAAR protein (Yang et al. 2018). Thus, T6SS-deploying bacteria often 

encode for multiple effector proteins of different effector classes, which enables T6SSs to 

attack a broad spectrum of organisms (Allsopp und Bernal 2023). However, while a 

considerable number of T6SS effectors have been identified throughout recent years; new 

effectors continue to emerge and thus, analysis of these effectors is still a valuable endeavor. 

1.5.3 Role of T6SSs in the lifestyle of bacteria 

With the T6SS, bacteria have a versatile and sophisticated molecular weapon used to deliver 

toxins into neighboring cells. While the structure and assembly of the T6SS is quite conserved, 

the underlying regulation and activity is often related to the bacteria’s lifestyle and ecological 

niche. As bacteria can have more than one T6SS and various effectors found in auxiliary 

clusters, different roles can be assigned regarding their function in the bacteria’s fitness 

(MacIntyre et al. 2010). For instance, Burkholderia thailandensis T6SS-1 is primarily involved 

in antibacterial activity, targeting competing bacteria, whereas the T6SS-5 is utilized for anti-

host activity, playing a role in pathogenicity against eukaryotic cells. This specialization 

highlights the ability of bacteria to diversify the functions of different T6SSs to enhance their 

fitness and adaptability (Si et al. 2017). 
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In contrast, Vibrio cholerae employs a single T6SS for both antibacterial and anti-eukaryotic 

competition, showcasing a multifunctional use of its T6SS machinery within different contexts. 

This dual role emphasizes the efficiency and adaptability of the T6SS in mediating interactions 

with various types of cells (MacIntyre et al. 2010; Schwarz et al. 2010). Moreover, post-

translational regulation of a T6SS in P. aeruginosa was observed, as the activity was based on 

a “tit-for-tat” strategy, where the T6SS was activated after an initial T6SS attack by other 

bacteria (Basler et al. 2013). On the contrary, T6SSs of V. parahaemolyticus strains can be 

constitutive expressed under marine warm conditions or low salt concentrations, independently 

of cell-cell contact (Salomon et al. 2013). While the role and activity in certain bacteria is well-

studied and investigated, other bacteria like P. luminescens with great potential for 

biotechnological application still need to be analysed. First studies confirmed the presence of 

the T6SS effector Tre23 in the P. luminescens strain TTO1, which is an antibacterial effector, 

inhibiting translation in targeted bacteria (Jurėnas et al. 2021a; Jurėnas et al. 2021b). Further, 

recent transcriptomic analysis of the P. luminescens 2° cells discovered a modulation of T6SSs 

genes upon sensing plant root signals, indicating a role of the T6SS during plant root 

colonization (Regaiolo et al. 2020). Given the importance of the T6SS in other bacterial 

species, it is crucial to investigate its role in P. luminescens to fully understand the bacterium's 

and the T6SS’s potential. Further, the diverse functionalities underscore the adaptability and 

critical roles of T6SSs in ecological interactions, highlighting their immense biotechnological 

potential for applications such as precision biocontrol, plant-microbe symbiosis enhancement, 

and the development of novel antibacterial therapies. 

1.6 Bacterial bioluminescence: occurrence and role 

To study complex bacterial systems like the T6SS at gene expression level, tools that provide 

precise and real-time insights are essential. Fluorescence and bioluminescence-based 

reporter assays offer powerful methods to track gene activity, enabling studies to monitor 

effector expression, regulation, and bacterial interactions (Guckes et al. 2020; Manera et al. 

2021). Bioluminescence, widely used in these assays, not only allows non-invasive tracking 
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but also plays a significant role in biotechnology, where it aids in unravelling bacterial infection 

process in animal-model in real-time or their colonization mechanism and distribution in 

polymicrobial environment (Jiang et al. 2024; Girotti et al. 2008). The emission of light by an 

organism, which is referred to as bioluminescence, is a phenomenon observed in nature, found 

in a broad variety of organisms like fungi, insects, marine animals as well as bacteria (Brodl et 

al. 2018). Among those bioluminescent organisms, bacteria evolved a highly efficient 

mechanism for light production, but the role of bioluminescence for their fitness is still mostly 

unknown (Peat et al. 2010; Daborn et al. 2001). Briefly, bioluminescence is a biochemical 

enzyme-catalyzed reaction, that results in a light emission in a spectra from 400 to 700 nm 

(Widder 2010). The proteins required for bioluminescence are encoded in the lux operon, 

containing the core genes luxCDABE, found in a conserved gene architecture (Dunlap 2009). 

While this cluster can be found in various bacterial families like Vibrionaceae, Shewanellaceae 

and Enterobacteriaceae, it is still unclear whether bioluminescence evolved independently or 

as a result of gene transfer or gene duplications (Widder 2010; Haddock et al. 2010; Dunlap 

2009; Dunlap 2014; Urbanczyk et al. 2011).  

The luciferase enzyme consists of the α and β-subunits LuxA and LuxB, while LuxC, LuxD and 

LuxE are the components of a fatty acid reductase complex, required to synthesize and recycle 

fatty acids to aldehydes (Fig. 1.4) (Dunlap 2009; Meighen und Dunlap 1993). During the light 

emitting reaction, the luciferase catalyses a long-chain aldehyde and a reduced flavin 

mononucleotide (FMNH2) under the consumption of oxygen, thereby emitting light as a 

byproduct (Ulitzur und Hastings 1979). Generally, the reaction of light emission is well studied 

but the biological function is still mostly unknown, although it can consume up to 10% of the 

energy from the metabolism and count up to 20% of the total oxygen consumption (Nealson 

und Hastings 1979). 
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Figure 1.4 Overview of the mechanism underlying bioluminescence in bacteria. The lux 

operon consists of the five genes luxCDABE, encoding the enzymes required for the bioluminescent 

reaction. The fatty acid reductase consists of LuxC, LuxD and LuxE which synthesises the long chain 

aldehyde substrate. Luciferase consists of the subunits LuxA and LuxB which produces light through 

the monooxygenation of long chain aldehydes consuming FMNH2 and reactive oxygen, resulting in the 

emission of light. 

Among bioluminescent bacteria, all are Gram-negative, motile and facultative anaerobic and 

mainly found in marine environments, such as Vibrio fischeri (Dunlap 2009; Meighen 1991; 

Visick et al. 2000). In V. fischeri, the bioluminescence is important to establish a bacteria-host 

interaction with the squid Eupymna scolopes and benefits the squid with an escape mechanism 

against predators (Visick et al. 2000; Jones und Nishiguchi 2004). Unlikely, the exact ecological 

role of bioluminescence in freshwater V. cholera is still unclear and it is hypothesized, that 

bioluminescence aids in nutrient acquisition and survival in symbiosis with specific zooplankton 

(Zo et al. 2009). Similarly, P. luminescens is bioluminescent and to date the only know 

terrestrial bacterium, capable of light emission but a biological function could not be assigned 

yet (Peat et al. 2010; Daborn et al. 2001). Different hypotheses suggest a similar supporting 

role of bioluminescence during symbiosis with nematodes as reported for V. fischeri with squids 

or rather the acquisition of bioluminescence through an event of horizontal gene transfer 

(Patterson 2015; Peat et al. 2010). However, none of these hypotheses could be confirmed 

yet and thus, the role of bioluminescence in P. luminescens is still an open question.  
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Additionally, no luminescence-based reporter assays have been established in P. luminescens, 

but developing such a system through targeted deletion of the lux operon should provide a 

valuable tool for studying gene expression dynamics in this bacterium. This approach could 

not only shed light on the role of bioluminescence in P. luminescens but also unlock 

biotechnological applications, such as tracking bacterial interactions in complex environments 

or optimizing symbiotic relationships for agricultural benefits. 

1.7 Scope of this thesis 

Understanding the role of the type VI secretion system (T6SS) in P. luminescens is crucial not 

only for unravelling the bacterium's function in polymicrobial environments but also for utilising 

its mechanisms in biotechnological applications. The T6SS, known for its role in microbial 

competition and host interactions, has great potential for the development of antimicrobial 

agents, synthetic biology, and environmental biotechnology. Thus, this study aimed to identify 

and characterize T6SS gene clusters and effectors, broadening the knowledge of their 

genomic organization, diversity, and involvement in key stages of the P. luminescens life cycle, 

with a focus on their potential interbacterial and interkingdom interactions. 

The core objective of this thesis was to investigate the T6SS in P. luminescens 1° and 2° cells 

and determine its relevance in microbial competition and adaptation. Bioinformatic analyses 

should reveal the T6SS core components and related genes, laying the groundwork for 

understanding their function. By comparing these components and effectors to those in other 

organisms, hypotheses can be drawn about their role in shaping microbial communities. 

To directly address whether the T6SS contributes to interbacterial competition, deletion 

mutants of T6SS core components should be developed and analysed. Whole-cell proteome 

analyses of these mutants uncovered significant changes, revealing how T6SSs impact 

bacterial fitness by influencing not only competition but also processes like motility, secondary 

metabolism, and pathogenicity. These insights are particularly relevant for designing 

engineered microbial strains for biocontrol or industrial processes where microbial interactions 

are key. 
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Although previous research on P. luminescens TTO1 identified an antibacterial effector, no 

similar studies had been conducted in strain DJC, leaving a gap in knowledge about T6SS 

effectors. To address this, key effector candidates should be overexpressed and tested for 

their ability to inhibit or kill competitor bacteria, with accompanying immunity proteins analysed 

to confirm effector-immunity (E-I) pairs. These studies should provide crucial insights into the 

toxin-antitoxin mechanisms that govern T6SS-mediated interactions. In addition, BACTH 

assays should be performed to investigate the protein-protein interactions involved in effector 

delivery, contributing to a deeper understanding of the T6SS’s machinery. This knowledge may 

be exploited in synthetic biology to develop bacteria capable of precise molecular delivery in 

various biotechnological contexts, such as targeted antimicrobial delivery systems that attack 

pathogenic bacteria while sparing beneficial microbiota. 

Lastly, to study the regulation of T6SS genes, luminescence-based reporter assays should be 

established. By generating luminescence-deficient reporter strains, the environmental 

conditions and signals that modulate T6SS activity were explored. These assays should 

provide not only a tool for monitoring gene expression in real time but also insights into how 

T6SS activity can be controlled and harnessed for biotechnological applications, such as 

biosensors or microbial community management. 
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3.1 Abstract 

The Type VI secretion system (T6SS) is a complex nanomolecular weapon used by Gram-

negative bacteria for injecting effectors into target cells. While the T6SS in Photorhabdus 

luminescens is poorly understood, this study explores the role of the T6SS-3 cluster in the 

strain DJC. Bioinformatic analysis identified missing core components, initially suggesting non-

functionality. However, homologues for some components were identified, thus suggesting the 

T6SS-3 is functional. Subsequent experiments revealed protein-protein interactions between 

effectors (Tle proteins) and VgrG proteins, indicating that T6SS-3 may deliver a variety of 

effectors using a heterotrimeric tip structure. Only one effector, Tle4A, was shown do deploy 

antibacterial activity. Additionally, fluorescence microscopy of mCherry-tagged reporter strains 

confirmed T6SS-3 expression under stress conditions such as pH changes and high salt 

concentrations, highlighting its potential role in environmental adaptation and host interaction. 

Despite the absence of key T6SS components, these findings suggest that the T6SS-3 in P. 

luminescens could function in bacterial competition and environmental stress responses, 

unveiling a novel subfamily of T6SSs. This study provides new insights into the molecular 

mechanisms and regulation of T6SS-3, contributing to the broader understanding of bacterial 

secretion systems and their ecological roles.  
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3.2 Introduction 

The Type VI secretion system is a complex, membrane-bound nanomolecular weapon used 

by Gram-negative bacteria to inject toxins, so-called effectors, into a neighbouring prokaryotic 

or eukaryotic target cell (Mougous et al., 2006; Pukatzki et al., 2006; Russell et al., 2014). 

Structurally, the T6SS resembles a contractile tail structure, similar to bacteriophages (Basler 

and Mekalanos, 2012). It consists of a membrane bound complex, a baseplate, an inner tube 

composed of HcP proteins surrounded by a sheath and an effector loaded tip (Russell et al., 

2014; Brunet et al., 2015; Durand et al., 2015; Wang et al., 2017). Upon activation of the T6SS, 

the sheath contracts and propels the inner tube inside the target cell to deliver diverse effectors 

(Kudryashev et al., 2015; Vettiger et al., 2017; Wang et al., 2017).  

To recruit effectors to the T6SS, three different core components- VgrG (valine-glycine repeat 

protein G), HcP (hemolysin-coregulated protein) and PAAR (proline-alanine-alanine-arginine 

repeat proteins) but also so-called adaptor proteins are essential (Bondage et al., 2016; Ruiz 

et al., 2015; Wood et al., 2019). During the assembly of the tube, rings of hexameric arranged 

HcP proteins placed on top of each other form the tube, with a hollow centre that enables the 

transport of effectors bound inside this tube (Silverman et al., 2013). However, effector 

transport along the inner lumen (~ 40 Å) is restricted to small effectors like Tse2 (~ 18 kDa), an 

effector found in P. aeruginosa, whereas larger effectors have to be transported through direct 

or indirect binding to the tip of the T6SS (Silverman et al., 2013; Mougous et al., 2006; Cherrak 

et al., 2019). While direct binding of effectors to the VgrG tip is often mediated through a 

effector binding domain like a transthyretin domain (TTR), indirect binding can be carried out 

through adaptor proteins belonging to the Eag, Tap or Tla family (Berni et al., 2019; Flaugnatti 

et al., 2020; Shneider et al., 2013; Unterweger et al., 2017). 

Tle (Type VI lipase effector) proteins have been previously described as effectors delivered by 

the T6SS and bound directly to VgrG or indirectly to Tla3, a cytoplasmic adaptor characterized 

by a DUF2875 domain (Berni et al., 2019; Flaugnatti et al., 2020). Phylogenetic analysis of the 

Tle family pointed out five different Tle effectors. Tle1-4 deploy esterase and lipase activity 

characterized by a catalytic GxSxG motif. In contrary, the class of Tle5 proteins deploy 
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phospholipase activity and are characterized by a catalytic HxKxxxxD motif (Russell et al., 

2013). Initial studies suggested that the effectors of the lipase superfamily mainly play a role 

in interbacterial competition as it has been observed for Tle2VC of Vibrio cholerae (Dong et al., 

2013). However, new studies identified: i) the trans-kingdom lipase effector TplE in P. 

aeruginosa, belonging to the Tle4 family and able to target the endoplasmic reticulum as well 

as ii) the Tle5 family effector PldB, able to foster host cell invasion through phospholipase D 

activity (Jiang et al., 2016; Jiang et al., 2014).  

While the insect pathogenic bacterium Photorhabdus luminescens is well described with 

respect to its insect pathogenicity, toxin-antitoxins as well as PVCs, still many aspects like the 

role of its T6SSs remain unknown (Brillard et al., 2002; Rodou et al., 2010). First studies 

identified the antibacterial effector Tre23, which is able to inhibit translation through ADP-

ribosylation of 23S ribosomal RNA and binds to the VgrG tip through the interaction with EagR 

(Jurėnas et al., 2021a; Jurėnas et al., 2021b). To gain insight whether P. luminescens also 

carries Tle effectors, additional bioinformatic analysis and protein activity studies were 

performed. Additionally, a role of the effectors was studied through fluorescence microscopy 

and thereby, a better understanding of one of the T6SS found in P. luminescens could be 

achieved. Thus, by understanding the role of T6SS effectors in P. luminescens, particularly 

potential Tle effectors, could not only reveal new insights into the bacterium's interbacterial and 

host interactions but also pave the way for innovative biotechnological applications, such as 

developing novel antimicrobial strategies or enhancing symbiotic systems. 
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3.3 Material and methods 

Bioinformatics analyses 

Gene and protein sequences of P. luminescens subs. luminescens strain DJC were retrieved 

from the NCBI database (https://www.ncbi.nlm.nih.gov/). To identify protein homology, BLASTP 

analyses were performed (Boratyn et al., 2013). To identify putative protein functionality and 

protein functional motifs, additional analyses were performed using HHPred, HMMER and 

NCBI CDD (Wang et al., 2023; Gabler et al., 2020; Zimmermann et al., 2018; Potter et al., 

2018). Protein homology alignments were performed with ClustalOmega and visualized with 

ESPript 3.0 (Madeira et al., 2022; Robert and Gouet, 2014). Structure predictions were 

performed with AlphaFold2 and visualized with ChimeraX (Jumper et al., 2021; Mirdita et al., 

2022; Meng et al., 2023). Predicted alignment error of different protein structure predictions 

are shown in Fig. S3.1.  

 

Bacterial strains and cultivation 

P. luminescens strain DJC 1° and 2° wildtype cells were used in this study (Zamora-Lagos et 

al., 2018). E. coli strains DH5 ( pir), BL21 star, Top10 tnGFP and BTH101 were used for 

plasmid construction, toxicity assays and BACTH analyses. Unless other stated, bacteria were 

cultivated under aerobically conditions at 30°C (P. luminescens) or 37°C (E. coli) in LB medium 

(1% [w/v] tryptone, 0.5% [w/v] yeast extract, 0.5% [w/v] NaCl) or CASO medium (1.5 % [w/v] 

peptone, 0.5 % [w/v] peptone from soy, 0.5 % [w/v] NaCl). If required, the media was 

supplemented with respective antibiotics. For protein expression and repression, 0.1% 

arabinose or 0.1% glucose were respectively added to the media. 

To generate a reporter strain in P. luminescens strain DJC 1° and 2° cells, the pNTPs138-R6KT 

plasmid was used. Briefly, in-frame insertion of mCherry in front of tssC3 was obtained through 

conjugation and double homologous conjugation as previously described (Lassak et al., 2010).  

 

 

https://www.ncbi.nlm.nih.gov/
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Generation of plasmids 

To perform BACTH analyses, tle2A, tle2B, tle4A, tle4B, vgrG6, vgrG7 and vgrG8 were cloned 

into the pKNT25 and pUT18 plasmids. To amplify tle2A and tle2B, the primer pairs Tle2A-XbaI-

B2H + Tle2-BamHI-B2H and Tle2B-XbaI-B2H + Tle2-BamHI-B2H were used and cloned into 

the pKNT25 plasmid. To generate the plasmids pKNT25::Tle4A and pKNT25::Tle4B, tle4A and 

tle4B were amplified using the primer pairs Tle4A-XbaI-B2H + Tle4A-XmaI-B2H and Tle4B-

XbaI-B2H + Tle4B-XmaI-B2H. The genes encoding for VgrG6, VgrG7 and VgrG8 were 

amplified using the primer pairs VgrG6/7-XbaI-B2H + VgrG6-BamHI-B2H, VgrG6/7-XbaI-B2H 

+ VgrG7-BamHI-B2H and VgrG8-PstI-B2H + VgrG8-SalI-B2H and further cloned into the 

pUT18 and pKNT25 plasmid. Correct insertion was confirmed by PCR using the primers 

BACTH-check-fwd, pUT18/C-check-rev and pKNT25-check-rev, followed by DNA sequencing. 

For toxicity assays, genes encoding respective proteins were cloned into the pBAD24 

expression plasmid. Genomic tle2A was amplified with the primer pair Tle2A-EcoRI-fwd + Tle2-

XbaI-rev, genomic tle2B with Tle2B-XmaI-fwd + Tle2-XbaI-rev, genomic tle4A with the primers 

Tle4A-NcoI-fwd + Tle4A-PstI-rev and tle4B with Tle4B-NcoI-fwd + Tle4B-PstI-rev and following 

cloned into the pBAD24 plasmid. For the expression plasmids of VgrG6-8, genomic vgrG6 was 

amplified with the primer pair VgrG6-XmaI-fwd + VgrG6-XbaI-rev, vgrG7 with the primers 

VgrG7/8-XbaI-fwd + VgrG7-SalI-rev and vgrG8 with the primer pair VgrG7/8-XbaI-fwd + 

VgrG8-SalI-rev Correct insertion was verified by PCR using the pBAD-fwd and pBAD-rev 

primer pair, followed by DNA sequencing. 

To construct reporter strains in P. luminescens, the pNTPs138-R6KT plasmid was used. Briefly, 

mCherry was amplified with the primer pair mCherry-EcoRI-fwd + mCherry-EagI-rev, flanking 

region A (FA) was amplified with the primer pair FA-TssC3-Spe1-fwd + FA-TssC3-mcs-rev and 

flanking region B (FB) with the primer pair FB-TssC3-mcs-fwd + FB-TssC3-SalI-rev. First the 

plasmid pNTPs138-R6KT::TssC3-FAB was constructed through restriction and ligation and 

following the reporter plasmid pNTPs138-R6KT::TssC3-mCherry through restriction and 

ligation of the mCherry fragment in the multiple cloning site of the pNTPs138-R6KT::TssC3-

FAB plasmid. Correct insertion was verified using the primer pair pNTPs-check-fwd and 
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pNTPs-check-rev, followed by DNA sequencing. Oligonucleotides sequences are listed in in 

the Table 3.1. 

 

Table 3.1: Sequences of primers used for this study. 

Oligo Sequence 5’ – 3’ 
Tle2-BamHI-B2H CGTTGGATCCTCATTTCTCAGGCTCCTT 

Tle2A-XbaI-B2H CCTATCTAGAATGTCCGAAATAAAACATCATGA 

Tle2B-XbaI-B2H CGTTTCTAGAATGTCCGAAATAACATATGAAATGA 

Tle4A-XbaI-B2H CTAATCTAGAATGAGTGAGCCGAAAG 

Tle4A-XmaI-B2H TTGACCCGGGTCAATTTTCACCTTTCACC 

Tle4B-XbaI-B2H CGTTTCTAGAATGACTGATTCATCAGAAAAAGT 

Tle4B-XmaI-B2H AACGCCCGGGCTATTCATCGGGATAAGCC 

VgrG6/7-XbaI-B2H CGTTTCTAGAATGACGAACCTAACACC 

VgrG6-BamHI-B2H CCTAGGATCCTTACTCCTCATCTTTTATTTTCAATTG 

VgrG7-BamHI-B2H CGTTGGATCCCTATTTCCTCAAAACAAACCC 

VgrG8-PstI-B2H TTCCTGCAGATGACGAACCTAACACCGATGATCATC 

VgrG8-SalI-B2H TTCGTCGACTCACTCCTTACCTTCTTTTAAATAAAACTTTATTG 

Tle2A-EcoRI-fwd TCTGAATTCATGCATCATCACCACCACCATATGTCCGAAATAAAACATC

ATGA 

Tle2-XbaI-rev CTCTCTAGATCATTTCTCAGGCTCCT 

Tle2B-XmaI-fwd TCTCCCGGGATGCATCATCACCACCACCATATGTCCGAAATAACATATG

AAATGA 

Tle4A-NcoI-fwd CGTTCCATGGCACCACCACCACCACCACATGAGTGAGCCGAAAG 

Tle4A-PstI-rev GCTTCTGCAGTCAATTTTCACCTTTCACC 

Tle4B-NcoI-fwd CGTTCCATGGCACCACCACCACCACCACATGACTGATTCATCAGAAA

AAGT 

Tle4B-PstI-rev GCTTCTGCAGCTATTCATCGGGATAAGCC 

VgrG6-XmaI-fwd CCTCCCGGGATGCATCACCATCACCATCACCATCACCATCACCATCAC

ACGAACCTAACACCGAT 

VgrG6-XbaI-rev TTCTCTAGATTACTCCTCATCTTTTATTTTCAATTGACTG  

VgrG7/8-XbaI-fwd TTCTCTAGAATGCATCACCATCACCATCACCATCACCATCACCATCAC

ACGAACCTAACACCGAT  

VgrG7-SalI-rev TTCGTCGACCTATTTCCTCAAAACAAACCCTTTCAT  

VgrG8-SalI-rev TTCGTCGACTCACTCCTTACCTTCTTTTAAATAAAACTTTATTG  

FA-TssC3-Spe1-fwd GGTACTAGTAGTCCCGCGATTAACTT  

FA-TssC3-mcs-rev TTCTTACTACTGCAGAGAATTCGCGGCTCGGCCGAACGATAATCCTA

TCTCCTGATATATACCG  

FB-TssC3-mcs-fwd TCGTTCGGCCGAGCCGCGAATTCTCTGCAGTAGTAAGAAATGACTGA

ACAACAAACCG  
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FB-TssC3-SalI-rev TGTGTCGACGAAACTCAGGGTGATGC  

mCherry-EcoRI-fwd CCTGAATTCAAGCTTTTATTTGTATAGTTCATCCAT  

mCherry-EagI-rev ACCCGGCCGATGGCAACTAGCGGC  

BACTH-check-fwd GTGAGCGGATAACAATTTCAC  

pUT18/C-check-rev CTTAACTATGCGGCATCAGAGCAG  

pKNT25-check-rev CTTGCGGCGATACTGCACGGCATAG  

pBAD-fwd GCCGTCACTGCGTCTTTTACTGG  

pBAD-rev CAGAAGTGAAACGCCGTAGCG  

pNTPs-check-fwd TGCTTCCGGCTCGTATG  

pNTPs-check-rev GGACTGGCCGTCGTTTTAC  

 

Bacterial adenylate cyclase two-hybrid (BACTH) assays 

To investigate the interaction of the Tle effectors with the different VgrGs, a bacterial adenylate 

cyclase two-hybrid (BACTH) analysis was performed according to the manufacturer's 

instructions (Euromedex, Souffelweyersheim). In summary, the genes encoding the proteins 

of interest (X and Y) were PCR-amplified from the P. luminescens DJC genome and 

subsequently cloned into the plasmids pKNT25 and pUT18. E. coli BTH101 cells were co-

transformed with these plasmids and cultured on LB agar plates containing 100 µg/ml 

carbenicillin and 50 µg/ml kanamycin. A 10 µl aliquot of the overnight culture was then spotted 

onto LB agar plates containing 100 µg/ml carbenicillin, 50 µg/ml kanamycin, 0.5 mM IPTG, and 

40 µg/ml X-Gal, followed by incubation at 30°C for 24 hours. The presence of protein 

interactions was indicated by blue colonies, while the absence of interactions resulted in white 

colonies. For controls, cells were co-transformed with pUT18C-zip and pKT25-zip as a positive 

control and with pKT25 and pUT18C as a negative control. 

 

T6SS effector toxicity assays 

Following, toxicity of the different Tle’s and VgrG’s was monitored by performed toxicity assays 

in bacterial cells as previously published (Pisarz et al., 2024). Briefly, E. coli BL21 star cells 

were transformed with the pBAD24 expression plasmids described and cultivated overnight in 

media containing the respective antibiotics. The culture OD600 was then adjusted to 0.1 and 

200 μl of each strain was transferred into a 96-well plate (TC-plate 96 well standard, Sarstedt). 
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The growth was measured over 7 hours at 30°C with double orbital shaking (amplitude of 1.5 

mm, frequency of 180 rpm) in a microplate reader (Tecan). Absorbance at 600 nm was 

measured every 10 minutes. Protein production was induced or repressed after 2 hours with 

the addition of 0.1% arabinose or 0.1% glucose, respectively. Addition of ddH2O served as a 

control. Each experiment included three biological replicates, each with three technical 

replicates. Cells containing the empty pBAD24ø plasmid served as control for bacterial growth. 

 

P. luminescens T6SS-3 activity screenings  

To determine activity of the T6SS-3 in P. luminescens, fluorescence microscopy was performed 

of 1° and 2° wildtype as well as tssC3::mCherry reporter strains upon cultivation under different 

conditions. Briefly, overnight cultures of respective strains cultivated in LB medium were 

adjusted to an OD600 of 0.1 in 5 ml of cultivation medium (Table 3.2). The strains were cultivated 

for 5 h at 30°C unless other stated and following 1.5 ml cells collected and washed 2x in 1x 

PBS buffer (155 mM NaCl, 2.7 mM Na2HPO4 - 7 H2O, 1.5 mM KH2PO4). 10 µl were then 

spotted on a microscopy slide with an agar pad and covered with a glass coverslip. 

Fluorescence microscopy was performed with the Leica DMi8 Fluorescence Imaging System 

with an exposure time of 500 ms and the Texas Red fluorescent filter. For each tested condition 

five pictures were taken and evaluated with ImageJ by detecting total amount of cells and 

fluorescent cells. For the preliminary screening, each test was performed once.  
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Table 3.2: Culture conditions tested in activity screening of the T6SS-3 in Photorhabdus 

luminescens 

Condition Cultivation medium Cultivation conditions 

Control LB (pH = 7) 5 h, 30°C, 200 rpm 

Stationary phase LB (pH = 7) 24 h, 30°C, 200 rpm 

Osmotic stress 
LB with 0.5 M NaCl 5 h, 30°C, 200 rpm 

LB without NaCl 5 h, 30°C, 200 rpm 

Nutrient limitation 0.1x LB diluted in 1x PBS 5 h, 30°C, 200 rpm 

pH 
LB (pH = 5) 5 h, 30°C, 200 rpm 

LB (pH = 9) 5 h, 30°C, 200 rpm 

Temperature 
LB (pH = 7) 5 h, 26°C, 200 rpm 

LB (pH = 7) 5 h, 37°C, 200 rpm 

Signalling molecules 
LB + 3% PRE (pH = 7) 5 h, 30°C, 200 rpm 

Larvae extract medium 5 h, 30°C, 200 rpm 
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3.4 Results 

Genomic region of the T6SS-3 gene cluster 

Initial studies on the genomic organisation of the T6SS in P. luminescens strain DJC identified 

four different gene clusters encoding for structural components (Fig. 2.1). The T6SS-3 was 

identified within the coding region from PluDJC_16475 to PluDJC_16665. T6SS-3 comprises 

a total of 37 genes encoding for T6SS core components, effectors, immunity proteins, adaptor 

proteins or proteins of unknown function (hypothetical proteins). A preliminary analysis showed 

that not all T6SS-structural components were present. However, four different effectors of the 

lipase family were identified within this cluster, which had not been described before in other 

bacteria. Therefore, subsequent studies should shed more light on this unique T6SS gene 

cluster.  

 

Figure 3.1: The T6SS-3 of P. luminescens strain DJC. Genomic organisation of the T6SS-3. Gene 

numbers are shown below, and protein names are shown above the arrows. Genes encoding core 

components are shown in orange, genes encoding T6SS effectors in dark green and genes encoding 

T6SS immunity proteins in light green. Genes encoding VgrG’s are shown in dark red and adaptor 

proteins in light red. HcP encoding genes are shown in dark blue and PAAR proteins in light blue. Genes 

encoding for unknown proteins are shown in grey. 
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A first structural operon is found from PluDJC_16475 – PluDJC_16490 encoding for the core 

components TssE3, TssJ3, TssG3 and TssF3, with a second structural operon found from 

PluDJC_16650 – PluDJC_16665 encoding for the core components TssL3, TssK3, TssC3 and 

TssB3 (Fig. 3.1). Between those structural operons, an effector operon is located, encoding 

for i) the lipase effector Tle2A, Tle2B, Tle4A and Tle4B, ii) the immunity proteins Tli2A-E and 

Tli4A-D, iii) the adaptor proteins Tap1B, OmpA1, Tla3A and Tla3B, iv) the tip proteins VgrG6-

8, PAAR7 and HcP11 and v) 5 hypothetical proteins with unknown functions. Analysis of the 

hypothetical proteins could not identify a known domain, therefore the question about their role 

in the T6SS-3 remains open. Additional analysis on the VasK1-3 proteins identified a sequence 

homology of 91.55 – 97.95 %, and the domains IcmF-related and C-terminally IcmF_C, which 

were also identified in TssM1 of the T6SS-1 (Fig. S3.2A). Yet, the IcmF-related_N domain 

found in TssM1 is absent in all VasK proteins of the T6SS-3. PluDJC_16525 and 

PluDJC_16600 were described before as proteins with unknown functions. However, a 

DUF2875 domain was identified, which is also found in the adaptor protein Tla of P. aeruginosa 

and therefore, the proteins were renamed to Tla1 and Tla2, respectively. 

Lastly, through additional analyses of the VgrG proteins a C-terminal domain of unknown 

function could be identified (DUF2345), as well as a C-terminal extension of approx. 30 - 70 

amino acids (Fig. 3.2A). An overall sequence homology of 80.03% was determined for VgrG6-

VgrG7, 79.77% for VgrG7-VgrG8 and 92.87% for VgrG6-VgrG8. Upon comparison of the 

sequence without the DUF2345 domain and C-terminal extension, a sequence identity of 94 – 

98 % was determined. However, comparison of the DUF2345 sequence resulted in a low 

sequence identity of VgrG6 and VgrG7 with only 32.65% and VgrG7-VgrG8 with 35%, whereas 

the DUF2345 sequence of VgrG6 and VgrG8 share a 97.97% sequence identity (Fig. 3.2B). 

Lastly, comparison of the C-terminal extension showed an overall low sequence identity, 

ranging from 15 – 28%. Additional structure predictions of VgrG6-8 indicate the structural 

similarity of the N-terminal region and the DUF2345 domain, whereas the C-terminal extension 

differs greatly among the three different VgrGs (Fig. 3.2C). While the C-terminal extension of 
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VgrG7 consists of a single α-helix, a transthyretin-like fold (TTR) was observed for VgrG6 and 

VgrG8 in the C-terminal extension, similar to VgrG1 from E. coli (Flaugnatti et al., 2020). 
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Figure 3.2: Structure prediction and domain organization of VgrG6, VgrG7 and VgrG8. A: 
Protein sequence of VgrG6, VgrG7 and VgrG8 are shown with the four identified domains Phage_GDP, 

OB-fold, T6SS_Vgr and DUF2345 (orange). B: Sequence homology of the different VgrGs determined 

through MSA using Clustal Omega. Sequence homology is shown in percent [%] for the complete amino 

acid sequence, the N-terminal part (Phage_GDP, OB-fold and T6SS_Vgr domains), DUF2345 domain 

and the C-terminal extension. C: Protein structure predictions of VgrG6-8 via AlphaFold2. The DUF2345 

domain is shown in orange and the C-terminal extension is shown in red. 

 

 

Bioinformatic insights into lipase effectors of T6SS-3 

In order to gain insights into the role of the different lipase effectors found encoded in the T6SS-

3, bioinformatic analysis were performed to determine putative binding sites, domains or 

putative enzymatic activities.  

Screening for known domains via HMMER and HHPred analysis, two DUF2235 domains were 

identified in the effectors Tle2A and Tle2B, which have been previously described in the class 

of Tle2 effectors (Fig. 3.3 and 3.4). Following, MSA with known Tle effectors identified the 

conserved catalytic motif GxSxG in the first DUF2235 domain of Tle2A and Tle2B with the 

conserved amino acids GFSRG. Additional AlphaFold2 predictions of the effectors with 

consequent structural comparison of Tle1 of P. aeruginosa identified the catalytic triad Ser245 – 

Asp299 – His377 in Tle2A and Ser249 – Asp303 – His381 in Tle2B (Fig. 3.3).  
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Figure 3.3: Domain organization and structure of the putative lipase effectors Tle2A and 
Tle2B. Protein sequences are shown with the DUF2235 domains, the conserved motif GFSRG and the 

catalytic triad Ser-Asp-His is marked by arrows. Protein structure prediction was performed with 

AlphaFold2, respective domains are coloured as indicated in the protein sequence. The catalytic triad 

is shown in orange. 

 

Analysis of the effector Tle4A identified a PGAP1 domain (post-glycosylphosphatidylinositol 

attachment to proteins) and the catalytic motif THSMG localized in the PGAP1 domain (Fig. 

3.4). In Tle4B, a LCT domain (Lecithin-cholesterol acetyltransferase) was identified along with 

the catalytic motif THSMG also located in the LCAT domain. AlphaFold2 predictions of the Tle4 
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effectors along with structural comparison of TplE of P. aeruginosa identified the catalytic triad 

Ser239 – Asp478 – His503 in Tle4A and Ser237 – Asp477 – His502 in Tle4B.  

 

Figure 3.4: Domain organization and structure of the putative lipase effectors Tle4A and 
Tle4B. Protein sequences are shown with respective PGAP1 or LCAT domain, the conserved motif 

THSMG and the catalytic triad Ser-Asp-His is marked by arrows. Protein structure prediction was 

performed with AlphaFold2, respective domains are coloured as indicated in the protein sequence. The 

catalytic triad is shown in orange. 

 

In summary, this study provides detailed insights into the enzymatic functionalities encoded 

within the T6SS-3 system, emphasizing the structural determinants and potential biological 
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roles of identified domains and catalytic motifs in lipase effectors Tle2A, Tle2B, Tle4A, and 

Tle4B. 

 

BACTH analysis indicate a putative assembly of the T6SS-3 tip 

To determine a putative mechanism for the assembly of the T6SS-3 tip, protein-protein 

interaction studies were performed through BACTH assays. Therefore, a putative interaction 

between the four different Tle effectors and the three VgrG’s of the T6SS-3 as well as a self-

interaction of the different VgrG’s were analysed (Fig. 3.5).  

 

Figure 3.5: BACTH analysis of putative protein-protein interaction of the Tle effectors and 
VgrG proteins of the T6SS-3. A: Interactions of Tle2A, Tle2B, Tle4A and Tle4B of P. luminescens 

DJC cloned into the pKNT25 plasmid and VgrG6, VgrG7 and VgrG8 of P. luminescens DJC cloned into 

the pUT18 plasmid are shown. B: Self-interactions of VgrG6, VgrG7 and VgrG8 cloned into the pKNT25 

and pUT18 plasmid. Blue colonies indicate an interaction of proteins while white colonies indicate no 
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interaction. E. coli BTH101 cells carrying pKT25-zip + pUT18C-zip (+) and pKNT25 + pUT18 (-) served 

as controls. Picture of similar outcomes of three biological replicates are shown. 

 

Interestingly, Tle4A was able to interact with all tested VgrGs, whereas interactions of Tle4B 

only occurred with VgrG6 and VgrG7 but not VgrG8, which is encoded upstream of Tle4B in 

the gene cluster. In contrary, an interaction was observed for Tle2A and VgrG7 and for Tle2B 

and VgrG6, with only one interaction observed for the possible Tle2-VgrG interactions (Fig. 

3.5A). As the T6SS tip is built of trimeric VgrG proteins, we next tested whether the tip is 

assembled as homo-trimer or hetero-trimer by testing the different possible VgrG interactions 

(Fig. 3.5B). Thereby no self-interaction could be confirmed, indicating the tip of the T6SS-3 is 

not build up as a homo-trimer. However, an interaction was observed for VgrG6 and VgrG7 as 

well as VgrG7 and VgrG8, leading to the assumption, a hetero-trimeric tip can be assembled 

upon T6SS assembly. In conclusion, the BACTH analysis reveals that the T6SS-3 tip likely 

assembles as a hetero-trimer involving specific interactions between VgrG proteins and Tle 

effectors. 

 

Expression of Tle effector genes 

T6SS effectors of the lipase superfamily have been previously described to deploy antibacterial 

but also anti-eukaryotic activity (Dong et al., 2013; Jiang et al., 2016). After the characterization 

of the four Tle effectors via bioinformatic analysis, toxicity assays were performed to determine 

if the effectors are toxic towards bacterial cells. Briefly, expression of Tle effector proteins were 

induced in E. coli BL21 star cells by the addition of 0.1% arabinose or repressed by the addition 

of 0.1% glucose and cell growth was measured for 7 h (Fig. 3.6).  

Upon induction the control (pBAD24ø) and the cells expressing Tle2A or Tle2B showed no 

impact on the bacterial growth. Similar results were obtained for the effector Tle4B, where no 

reduction in growth was observed upon induction. However, the induction of Tle4A gene 

expression led to a reduction in cell growth, indicating that Tle4A is the only effector of the 

T6SS-3, that deploys antibacterial activity.  
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Figure 3.6: Tle4A deploys antibacterial activity. Growth of E. coli BL21 star cells transformed with 

the pBAD24 expression plasmids is shown as OD600 (adjusted values to logarithmically) against the time 

[h]. The T6SS effectors Tle2A, Tle2B, Tle4A and Tle4B of P. luminescens DJC were analysed. Growth 

was measured every 10 minutes in a microplate reader for 7 h, after 2 h the gene expression was either 

induced with 0.1% arabinose or repressed with 0.1% glucose (indicated with a back arrow). The empty 

plasmid served as control (pBAD24ø). Values of three independent biological replicates is shown. Error 

bars indicate standard error. 

 

Since the VgrG proteins of the T6SS-3 all carry a DUF2345 domain, which has also been 

identified in VgrG4 of Klebsiella pneumoniae and was shown to be toxic, additional toxicity 

assays were performed (Fig. 3.7) (Allsopp et al., 2023). Therefore, the genes encoding VgrG6, 

VgrG7 and VgrG8 were cloned into the pBAD24 plasmid and bacterial growth monitored upon 
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gene expression induction. The addition of arabinose did not influence the bacterial growth, 

indicating the different VgrG’s of the T6SS-3 are not toxic. 

 

 

Figure 3.7: The VgrG’s of the T6SS-3 have no toxic effect on E. coli BL21 star cells. Growth 

of E. coli BL21 star cells containing the pBAD24 expression plasmids is shown as OD600 (adjusted values 

to logarithmically) against the time [h]. The VgrG6, VgrG7 and VgrG8 of the T6SS-3 in P. luminescens 

DJC were analysed. Growth was measured every 10 minutes in a microplate reader for 7 h, after 2 h 

the gene expression was induced with 0.1% arabinose or repressed with 0.1% glucose (indicated with 

a black arrow). The empty plasmid served as control (pBAD24ø). Values of three independent biological 

replicates is shown. Error bars indicate standard error. 

 

Analysis of T6SS-3 expression in P. luminescens 

The functionality of the P. luminescens T6SS-3 remains unclear, as none T6SS operon has 

been described before to encode for multiple effectors and diverse core components. To gain 

further insights if the T6SS plays a role in the lifestyle of P. luminescens, fluorescence 

microscopy was performed after cultivation of the different strains under various conditions 

(Fig. 3.8 and 3.9). Therefore, the TssC subunit was tagged with mCherry as the subunit is 
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crucial for sheath assembly and is present in a high quantity upon assembly, thereby facilitating 

fluorescence detection. 

In 20% of the 2° tssC3::mCherry strain fluorescence was detected during the exponential 

phase but not in the 1° tssC3::mCherry strain (Fig. 3.8). Further, TssC3mCherry was detected in 

the 2° cells when cultivated under nutrient limitation (0.1x LB) and upon changes in the pH. 

While a pH of 6 led to reduced TssC3mCherry detection compared to the control (LB), a pH of 5 

led to an increase. In contrary, after cultivation of the cells in LB pH 8, a similar number of 

fluorescent cells was observed as in the control whereas a pH of 9 led to reduction in 

fluorescent cells counts. However, an increase in TssC3mCherry was detected in the 1° 

tssC3::mCherry strain when cultivated at pH = 8 compared to the 1° WT strain. 

 

Figure 3.8: Preliminary screening of T6SS-3 activity under diverse conditions. P. luminescens 

1°/ 2° WT and tssC3::mCherry strains were cultivated in LB medium under respective conditions. 

Fluorescence was detected by fluorescence microscopy filtering for mCherry fluorescence. Number of 

fluorescent cells per total cells is given in percent. Error shows the standard error of five pictures from 

one trial. 

 

To mimic salt stresses and their influence on the Tss6-3 expression, an increased salt 

concentration and the lack of salt were tested on the tssC3::mCherry strains (Fig. 3.9). While 

the increased salt concentration led to an increase of TssC3mCherry detection in 1° cells, no 

changes were observed for the 2° cells. In contrary, missing salt increased the detection of 
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fluorescent cells in the 2° tssC3::mCherry strain, whereas little to no change was observed in 

the respective 1° cell strain. Studies on temperature stress revealed an increase of fluorescent 

cells at 37°C in the 1° tssC3::mCherry cells, whereas the amount of fluorescent cells was 

reduced in the 2° tssC3::mCherry cells compared to the LB control. A decrease in temperature 

to 26°C led to a decrease in fluorescent cells in both, 1° and 2° cells. Final studies of external 

signals derived by plant root exudates (PRE) or larvae extract showed no fluorescence in the 

tested strains.  

In conclusion, different conditions were identified with an increased number of fluorescent cells, 

indicating that the T6SS-3 plays a role in the life cycle of P. luminescens. 

 
Figure 3.9: Preliminary screening of T6SS-3 activity under diverse conditions. P. luminescens 

1°/ 2° WT and tssC3::mCherry strains were cultivated in LB medium under respective conditions. 

Fluorescence was detected by fluorescence microscopy filtering for mCherry fluorescence. Number of 

fluorescent cells per total cells is given in percent. Error shows the standard error of five pictures from 

one trial. 

 

 

 

 

 

 

 

 



 
 

64 

3.5 Discussion 

As a nanomolecular weapon the T6SS is utilized by bacteria for interbacterial competition, host 

manipulation or host colonization, but complex underlying mechanism and regulation remain 

unclear. In the insect pathogenic bacterium P. luminescens, current knowledge on the T6SS is 

limited to the Rhs-type effector Tre found in the strain TT01 and the influence of plant root 

exudates on the regulation of genes encoding T6SS core components in the strain DJC 

(Jurėnas et al., 2021b; Regaiolo et al., 2020). As the initial bioinformatic studies on the P. 

luminescens revealed four gene clusters encoding for T6SS core components, initially the 

T6SS-3 and T6SS-4 were thought to be not functional as they are lacking genes encoding 

crucial core components (Chapter 2). However, a more in-depth analysis of the T6SS-3 was 

aiming to determine the role of this gene cluster and whether it could be functional or not. 

The previous studies showed that genes encoding TssA, TssH and TssM are missing. However, 

putative homologues for the missing tssM could be identified with vasK1, vasK2 and vasK3, 

encoding two out of three domains, also identified in tssM1 of the T6SS-1. VasK has been 

previously described as a TssM homologue found in the periplasm with a role in translocation 

of proteins and putatively involved in effector recognition and signal transduction (Shrivastava 

and Mande, 2008; Cummins et al., 2023). Nevertheless, no homologue was identified for TssA 

or TssH, two components that were shown to be crucial for T6SS activity (Dix et al., 2018; 

Asolkar and Ramesh, 2020). Yet, studies in Amoebophilus firstly described a T6SSVI, lacking 

TssH but also the membrane complex TssJLM, resulting in eCIS-like T6SS complexes (Böck 

et al., 2017).  

Therefore, considering that the T6SS-3 could be a functional system, the next aim was to 

identify the role of the four Tle effectors and the three VgrG proteins. Bioinformatic analysis of 

the Tle effectors identified the i) unknown domain DUF2235, and ii) PGAP1 and LCAT1, 

catalytic motifs and the catalytic triad, thereby suggesting those effectors deploy antibacterial 

activity (Jiang et al., 2016; Lima et al., 2004; Flaugnatti et al., 2016). However, only Tle4A was 

shown to inhibit bacterial cell growth, whereas the production of Tle2A, Tle2B and Tle4B had 

no influence (Fig. 3.6). As protein production was cytoplasmic, putatively the overproduction 
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could not lead to intoxication and should rather be performed periplasmic. Similar observations 

have been made for a Tle1 effector, which was initially overproduced in the cytoplasm with no 

observed toxicity, yet toxicity was strongly increased in the periplasm (Berni et al., 2019). 

C-terminal extension can also enable VgrG proteins to act as toxins and deploy antibacterial 

activity (Lien and Lai, 2017). As the different VgrG proteins all carry a C-terminal extension 

with either a DUF2345 domains or a DUF2345 domain plus a TTR-like fold domain, their 

antibacterial activity was determined (Fig. 3.7). Here, no antibacterial activity was observed, 

suggesting the role of the VgrG proteins is rather in effector binding and transport, which has 

been described before in Vibrio cholerae and E. coli (Flaugnatti et al., 2020; Liu et al., 2023). 

Indeed, interactions were observed between the VgrG proteins and Tle’s in BACTH assays. 

Interestingly, Tle4A interacted with all VgrG proteins, whereas Tle4B was not able to interact 

with VgrG8 and Tle2A and Tle2B only interacted with one specific VgrG (Fig. 3.5A). It has 

been previously shown, that VgrG proteins specifically interact with Tle effectors depending on 

the TTR-domain (Wettstadt et al., 2019). However, those VgrG-Tle interactions were 

commonly observed when the respective genes were on pathogenic islands or only one VgrG-

Tle pair encoded within a T6SS gene cluster. In contrary, the T6SS-3 encodes for three 

different VgrGs, all with different C-terminal extensions and further four Tle proteins. As such 

a gene cluster has not been described before, it can be hypothesized that the tip of the T6SS-

3 consists of a heterotrimer instead of a homodimer and thereby deliver an effector cocktail 

upon activation. Indeed, BACTH assays showed no self-interaction of the VgrG proteins but 

interactions with the other VgrG’s, supporting this hypothesis (Fig 3.5B). Further, the 

identification of the Tla1 and Tla2 proteins could enable diverse combination, as the class of 

Tla proteins was previously shown to assist in T6SS effector delivery by binding to the TTR 

domain of VgrGs and specifically with Tle proteins (Berni et al., 2019). Taken together, the 

bioinformatic results and protein-protein interaction studies suggest a novel subfamily of 

T6SSs. 
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Fig. 3.10: Role of the T6SS-3 in P. luminescens 1° and 2° cells. The T6SS-3 is characterized by 

a trimeric VgrG-tip able to bind four different Tle effectors, namely Tle2A, Tle2B, Tle4A and Tle4B. An 

antibacterial effect was observed for Tle4A, thus suggesting the T6SS-3 could be involved in 

interbacterial competition. In the phenotypic different 1° and 2° cell form, expression of the T6SS is 

differently regulated. High temperature, pH of 8 and high salt concentration lead to T6SS-3 expression 

in the 1° cells, whereas low salt concentrations, standard laboratory conditions as well as pH 8 lead to 

expression of the T6SS-3 in the 2° cells. In contrary, the T6SS-3 is not active in 1° cells under standard 

laboratory conditions, whereas in the 2° cells the T6SS-3 is not active under lower temperatures and 

upon addition of plant root exudates. 

 

To understand more deeply the role of T6SS-3 and the conditions that could influence its 

activation, its expression activity was studied through fluorescence microscopy. Contrary to 

the first assumption, that the T6SS-3 could not operate due to missing core components, the 

results showed the opposite (Fig. 3.8 and 3.9). While in the 2° cells activity was observed 

under standard laboratory conditions (LB), different external stress factors increased the 

number of fluorescent cells like pH = 5 or lack of NaCl. The exposure of 2° cells to different 

stresses in the rhizosphere, like changes in pH and salt concentration or temperature shifts, 

require the cells to adapt better to the challenging environment and thus the T6SS-3 could be 
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involved in this adaptation process (Shultana et al., 2022; Hawkins and Oresnik, 2021). In 

contrary, no T6SS activity was detected under standard laboratory conditions in the 1° cell 

form, whereas an increase in T6SS-3 mCherry tagged cells was observed at high 

temperatures, high salt concentrations and a pH of 8. While osmotic stress has been previously 

described during insect larvae invasion, the T6SS-3 could be important for insect larvae 

infection and for larvae carcass protection (Crawford et al., 2010). However, these results are 

limited to preliminary studies, requiring further investigations. In conclusion, the detailed 

analysis of the T6SS-3 in P. luminescens strain DJC reveals a potentially functional system 

with unique protein-protein interactions and environmental stress responses, suggesting a 

novel subfamily of T6SSs. These findings underscore the complexity and adaptability of 

bacterial secretion systems, highlighting the need for further research to fully understand their 

roles in bacterial ecology and pathogenicity. 
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3.7 Supplementary material 

 

Figure S3.1: AlphaFold2 protein structure predictions of Tle2A, Tle2B, Tle4A, Tle4B, VgrG6, 

VgrG7 and VgrG8. Predicted alignment error (PAE) plots for best model is shown (rank 1 – rank 

5). 
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Figure S3.2: Bioinformatics analysis of the TssM homologous VasK1-3. A: Sequence 

homology of the TssM1, TssM2, VasK1, VasK2 and Vask3 determined through MSA with Clustal 

Omega. B: Protein sequence of TssM1, TssM2, VasK1, VasK2 and VasK3 showing the domains 

IcmF-related_N (turquoise), IcmF-related (orange) and IcmF_C (blue). 
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4.1 Abstract 

Bacteria inhabit complex ecosystems, requiring diverse mechanisms for survival and 

competition, including symbiosis, antibiotic production, and biofilm formation. The type VI 

secretion system (T6SS) is a notable nanomolecular weapon found in Gram-negative bacteria 

that delivers antibacterial and anti-eukaryotic effectors into target cells. This study investigates 

two T6SS membrane-disrupting effectors, Tme1A and Tme1B, in the insect pathogenic 

bacterium Photorhabdus luminescens strain DJC. P. luminescens exhibits phenotypic 

heterogeneity, differentiating into primary (1°) and secondary (2°) cell forms. We identified 

tme1A and tme1B in auxiliary gene clusters of the P. luminescens DJC genome. Bacterial 

Adenylate Cyclase Two-Hybrid (BACTH) analysis confirmed interactions between Tme1 

effectors and various HcP tube homologues, indicating a putative transport mechanism for the 

effector proteins. AlphaFold2 predictions suggested that Tme1A forms a pore. Here supported 

Time-lapse microscopy supported the prediction as heterologous overexpression of tme1A 

showed rapid cell lysis. Furthermore, BACTH analysis confirmed Tme1A-Tme1A self-

interaction. Co-expression of the effector-immunity proteins showed Tme1 cross-neutralization 

by non-cognate immunity proteins. Moreover, a conserved C-terminal loop in the immunity 

proteins (Tmi1) was identified, which is essential for neutralizing Tme1 effectors, preventing 

their oligomerization and pore formation. Promoter activity in luminescence-based reporter 

assay revealed different tme1A and tme1B expression patterns during bacterial growth. The 

different promoter activity of Ptme1A during exponential growth suggested a putative role in 

bacterial competition under specific environmental conditions. Tme1A was particularly active 

in 1° cells, potentially aiding competition during nematode symbiosis or in insect pathogenicity. 

In summary, we could demonstrate that the Tme1A and Tme1B of the insect pathogen P. 

luminescens are antibacterial effectors that can be neutralized by Tmi1 immunity proteins. 

Finally, we were able to identify a conserved Tmi1 motif found in DUF1240 proteins, which is 

crucial for effector neutralization.  
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4.2 Author summary 

The type VI secretion systems (T6SS) are found in Gram-negative bacteria and function as 

membrane bound molecular weapons, which inject toxins into target cells. The insect pathogen 

P. luminescens harbours multiple gene clusters encoding T6SSs as well as above 20 effectors, 

but none has been proved to deploy antibacterial activity yet. Our findings confirm two T6SS 

membrane disrupting effectors (Tme) in P. luminescens deploying antibacterial activity. As 

cognate immunity proteins are important to avoid self-intoxication, we could show that the P. 

luminescens Tme immunity proteins (Tmi) can provide cross-neutralization to Tme effectors. 

Moreover, we were able to identify a conserved motif in Tmi proteins crucial for neutralization, 

which builds a C-terminal loop and interacts with the Tme protein. Finally, we aimed to 

understand the role of the Tme effectors in the life cycle of P. luminescens by performing 

luminescence-based reporter assays. Thereby, we could show how future promoter activity 

analyses of T6SS effector genes could provide a first hint on their role in the lifestyle of the 

bacteria.  
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4.3 Introduction 

Bacteria live in complex ecosystems in which they are forced to interact with other 

microorganisms and also eukaryotes [1, 2]. Therefore, bacteria have developed various 

mechanisms to survive in these environments, e.g. undergoing symbioses with their hosts, 

producing antibiotics to kill concurrent microorganisms or organising in biofilms being well 

protected against toxic environmental conditions [3–5]. One notable mechanism are secretion 

systems designed to actively fight against competitors, such as the type VI secretion system 

(T6SS) [6]. The T6SS is a nanomolecular weapon found in Gram-negative bacteria belonging 

to the family of contractile injection systems (CIS) [7]. Upon contraction of the multiprotein 

complex, the needle-like structure is injected into a target cell, delivering anti-bacterial or anti-

eukaryotic effectors [8, 9]. The broad diversity of secreted T6SS effectors enables the T6SS 

to play a role in both, interbacterial but also interkingdom competition [10]. Genes encoding 

for T6SS core components can be found in around 25% of Gram-negative bacteria such as 

Vibrio spec., Burkholderia spec. or Pseudomonas spec. [11–13]. 

The T6SS is membrane-bound and consists of 13 core components, divided into the 

membrane complex, baseplate, tube, sheath and the tip [14–18]. The membrane complex 

anchors the syringe-like structure in the membrane, allowing the complex to span through the 

whole cell [15]. While the inner tube is build up by hexameric hemolysin-coregulated proteins 

(HcPs), it is wrapped by a sheath and topped by a trimeric tip consisting of valine-glycine repeat 

protein G (VgrG) [19, 20]. The spike which is required to perforate the target cell wall, is 

sharpened by a proline-alanine-alanine-arginine repeat protein (PAAR) to enhance the 

puncturing [21]. Upon activation of the T6SS, the contraction of the sheath leads to a 

conformation change, which propels the inner tube out of the cell into a neighbouring target 

cell [22]. Thereby, the HcP-VgrG-PAAR tip punctures the membrane and allows the delivery 

of specific T6SS toxins, so-called effectors [23, 24]. While the T6SSs core components are 

mostly encoded in gene clusters, effector proteins can be encoded either in such gene cluster 

or in auxiliary clusters found spread in the bacterial genome [14]. 
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The effector arsenal allows the T6SS harbouring bacteria (T6SS+) to tackle different 

components of the target cell such as the membrane, the cell wall or the DNA/RNA [14, 25, 

26]. Those effectors can deploy antibacterial or anti-eukaryotic activities upon functioning as 

DNases, lipases, peptidases or through the formation of pores [11, 27–29]. To counteract 

self-intoxication or intoxication of sister cells upon producing the T6SS-effectors, cognate 

immunity proteins can directly bind to the effectors and thereby neutralize them [30]. The 

genes encoding those effector-immunity pairs (E-I pair) are found in genomic neighbourhood 

and are often found in diverse bacteria as result of horizontal gene transfer event [31]. While 

the identification of T6SS E-I pairs in bacteria has increased throughout the last years, many 

questions remain open regarding the physiological role of those effectors. One recently 

identified effector family is the Tme toxin family (Type VI membrane-disrupting effector) found 

almost exclusively in T6SS+ bacteria [11]. A first study showed the toxic effect of Tme proteins 

found in Vibrio parahaemolyticus towards E. coli cells, leading to a reduction in membrane 

potential and disruption of the cell membrane [11]. These effector proteins are characterised 

by a DxxK motif and C-terminal transmembrane helix (TMH), providing the effector to integrate 

into the membrane [11].  

Recently, multiple gene clusters encoding for T6SS core components and remote satellite 

islands (auxiliary clusters) have been identified in the insect pathogenic bacterium 

Photorhabdus luminescens subsp. luminescens strain DJC [32], also classified as P. 

laumondii subsp. luminescens [33]. This particular bacterium is characterised by phenotypic 

heterogeneity, which differentiates between i) primary (1°) cell form which lives in symbiosis 

with entomopathogenic nematodes and ii) the secondary (2°) cell form, which colonizes and 

protects plants against phytopathogenic fungi [34–36]. Initial studies showed that the T6SSs 

play a role in interbacterial competition, motility and in the secondary metabolism of P. 

luminescens DJC, but no toxic effector was confirmed experimentally [32]. Furthermore, these 

studies were limited to the 1° cell form of P. luminescens and to date no studies on T6SSs 

have been performed in bacteria characterised by phenotypic heterogeneity.  
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Therefore, we aimed to investigate the function of two Tme-like effectors in the P. luminescens 

DJC 1° and 2° cell form through in vivo and in vitro analysis as the complex lifestyle of this 

bacterium includes diverse interactions with eukaryotes and microorganisms, which makes it 

a perfect model organism to study the roles of its weaponry. Here we demonstrate that P. 

luminescens DJC harbours two T6SS effectors (Tme1) with antibacterial activity, which can be 

neutralized through their cognate immunity proteins Tmi1. Moreover, we identified a conserved 

motif in Tmi1 proteins at the C-terminal end, which is crucial to neutralize the respective Tme1 

effector.  
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4.4 Results 

Photorhabdus luminescens DJC harbours two Tme-like effectors 

By analysing T6SS effectors in the genome of P. luminescens DJC we could identify two Aux 

clusters (Aux2 and Aux6) harbouring Tme-like effectors (Fig. 4.1A). The Aux2 cluster encodes 

the Tme effector Tme1A (PluDJC_01980) and three putative cognate immunity proteins Tmi1 

(Tmi1A-C; PluDJC_01985 – PluDJC_10995). Furthermore, a gene encoding the structural 

component HcP (HcP3, PluDJC_01970) was identified downstream of Tme1A, yet in reverse 

complement direction. Another gene encoding a Tme-like effector was found in the Aux6 

cluster, which encodes the E-I pair Tme1B (PluDJC_05765) and Tmi1D-F (PluDJC_05760 – 

PluDJC_05750), yet no carrier protein like VgrG or HcP could be detected in the genomic 

neighbourhood.  

Subsequent in silico analysis of the protein sequences revealed two transmembrane regions 

in the Tme1A C-terminal end and Tme1B as well as a conserved DxxK motif, which has been 

previously described for a family of Tme effectors (Fig. 4.1B) [11]. The two predicted 

transmembrane regions (TM) in Tme1A range from Phe 192 – Ile 213 and Val 219 – Leu 245, 

while the DxxK motif was found in the first TM at position Asp 199 – Lys 202. In Tme1B, the 

transmembrane region was predicted from Ala 152 – Phe 170 and Val 176 – Leu 194, whereas 

the DxxK motif was in front of the first TM, at position Asp 148 – Lys151. Following AlphaFold2 

predictions of the Tme1A and Tme1B protein structure indicated the Tme proteins consist of 

four α-helical structures (α1, α2, α3 and α4), which are aligned adjacent to each other (Fig. 

4.1C). While the AlphaFold2-prediction of the first 100 AA in Tme1A and the first 50 AA in 

Tme1B showed a lower confidence, the transmembrane helices (TMH) could be predicted with 

a high confidence for both effectors, Tme1A and Tme1B (Fig. S4.1). Taken together, our 

genome analysis of P. luminescens DJC confirmed the Tme1-Tmi1 as an E-I pair. 
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Fig 4.1. In silico analysis of the Photorhabdus luminescens T6SS effector Tme1A and 
Tme1B. A, Genomic organisation of the auxiliary cluster 2 and auxiliary cluster 6 in P. luminescens 

strain DJC. B, Secondary structure predictions of Tme1A and Tm1B including the DxxK motif and 

transmembrane helices (TMH) predicted by HMMER. C AlphaFold2 predicted structures of Tme1A and 

Tme1B. Purple regions indicate the α-helical structures. D Protein structure alignment of Tme1A and 

Tme1B performed with ChimeraX. E Multimer predictions of Tme1A performed with AlphaFold2 as 

dimer, trimer, tetramer and pentamer. Different colors indicate the monomers of Tme1A, model images 

are generated with ChimeraX. F BACTH analysis of Tme1A-Tme1A self-interaction. Blue colonies 

indicate an interaction, white colonies show no interaction. E. coli BTH101 cells carrying pKT25-zip + 
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pUT18C-zip and pKNT25 + pUT18 were used as controls. Pictures of similar outcomes of three 

biological replicates are shown. 

 

Multimeric Tme1A assembles to a pore 

Next, to investigate i) the structural properties of Tme1A and Tme1B, ii) their putative 

multimerization and iii) pore-forming complexes potential; multimer AlphaFold2-predictions 

were performed. The AlphaFold2-protein structure alignments of Tme1A and Tme1B indicated 

a high similarity of the TM region and the α-helices, whereas the N-terminal and C-terminal 

region were rather diverse (Fig. 4.1D). Subsequently, we conducted multimer predictions for 

Tme1A and Tme1B to evaluate their potential to form a pore within a target membrane. These 

studies were prompted by previous findings that indicated Tme-like effectors acting as 

membrane-disrupting agents [11]. Given this, we aimed to perform detailed protein structure 

predictions of multimers to determine whether these proteins could indeed form a pore, thereby 

confirming their role as membrane-disrupting effectors. By that, Tme1A could be assembled 

into a trimer, tetramer and pentamer which resemble a pore-forming complex (Fig. 4.1E). Upon 

assembly to a multimer, the two α-helices located in the C-terminal end (α3 and α4) face 

towards the inner lumen of the pore. Furthermore, the inner lumen size expands significantly 

when Tme1A is predicted to form a pentamer as opposed to a trimer. While the Tme1A-trimer 

has a predicted outer diameter of 101 Å and an inner lumen with around 10 Å, the Tme1A 

pentamer was predicted with a size of 106 Å of the outer diameter and an inner diameter of 18 

Å. Similar observations were made upon AlphaFold2-predictions of Tme1B as a multimer (Fig. 

S4.2). Unlikely to the Tme1A pentamer, the predicted Tme1B pentamer indicates a bigger 

inner lumen with an outer diameter of 86 Å and an inner diameter of 23 Å (Fig. S4.2). The 

pLDDT and PAE plots for all AlphaFold2 predictions are shown in Fig. S4.1. Additionally, in 

vivo protein interaction studies were performed to test whether Tme1A can interact with itself 

(Fig. 4.1F). BACTH assays showed a Tme1A self-interaction in all tested combinations. 

However, the strongest interaction was observed for T25-Tme1A and T18-Tme1A, when the 

T25 or T18 fragment were fused N-terminally to Tme1A. Indicating fusion to the C-terminal end 
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could affect the self-interaction. These data point out that the Tme-like effectors in P. 

luminescens DJC can self-assemble to a pore and putatively disrupt a target cell membrane. 

Further, first in vivo studies indicated that Tme1A can self-interact. 

 

Tme1 effectors interact with the tube protein HcP 

Since the gene encoding HcP3 is located in in the Tme1A genomic neighbourhood, we 

attempted to examine whether Tme1A or Tme1B interact with the tube core component HcP. 

For that purpose, we cloned the genes encoding the different HcP proteins of P. luminescens 

DJC into the pUT18 plasmid and performed BACTH analyses with the respective pUT25 

derviatives harboring the Tme effector coding genes. HcP4 and HcP5 have a premature stop 

codon and were therefore not considered for BACTH analyses. No interaction was observed 

for Tme1A and HcP3, but with HcP8 as well as HcP9, which are both encoded in the auxiliary 

clusters 8 and 9 (Fig. 4.2A). Furthermore, a slight interaction of Tme1A was observed with 

HcP12, which is encoded in the T6SS-4gene cluster. Contrarily, an interaction between Tme1B 

and HcP2 (which is encoded in the T6SS-1 gene cluster) was observed, indicating that Tme1B 

is secreted by the T6SS-1 of P. luminescens (Fig. 4.2B). Slight interactions were also observed 

between Tme1B and HcP6, HcP7 and HcP8. While HcP6 is not genetically linked with any 

effector gene, HcP7 is encoded in the T6SS-2 gene cluster. In summary, these data indicate 

that Tme1A and Tme1B interact with different HcP proteins, suggesting a possible HcP-

mediated Tme1A and Tme1B effector transport into the respective target cell. 
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Fig 4.2. Interaction of Tme1A and Tme1B with different HcP tube proteins of P. luminescens. 

BACTH analysis of A Tme1A and B Tme1B with HcP1-3 and HcP6-12 of P. luminescens strain DJC 

are shown. Genes encoding the respective effector proteins were cloned in the pKNT25 vector and 

genes encoding the respective HcP tube proteins in the pUT18 vector. Blue colonies indicate an 

interaction, white colonies show no interaction. E. coli BTH101 cells carrying pKT25-zip + pUT18C-zip 

and pKNT25 + pUT18 were used as controls. Pictures of similar outcomes of three biological replicates 

are shown. 

 

Antibacterial activity of Tme1 can be cross-neutralized by Tmi1 immunity proteins 

Following, we aimed to confirm the antibacterial effect of the P. luminescens T6SS effectors 

Tme1A and Tme1B as it has been shown for respective homologues in other bacteria. 

Thereby, we expressed genes encoding the respective effectors via the expression plasmid 

pBAD24 and induced or repressed their transcription with either arabinose or glucose. Here, 

we considered the FoldChange, which displays the change of bacterial growth during the 

exponential growth by comparing the repressed (glucose treated) to the induced groups 
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(arabinose treated). As shown in Fig. 4.3A, bacterial growth was impaired when the bacteria 

overproduced Tme1A or Tme1B, confirming their antibacterial effect. While the expression of 

tme1A in E. coli induced with 0.1 % arabinose led to a reduction in bacterial growth by 0.46 

FoldChange compared to the glucose control, expression of tme1B decreased the bacterial 

growth by a 0.73 FoldChange, indicating a stronger toxicity compared to Tme1A.  

To test whether expression of the T6SS effector genes impairs the bacterial growth and/or 

leads to cell death, we performed time-lapse microscopy of E. coli cells overproducing Tme1A. 

While the pBAD24 vector control was not impaired in cell growth, the addition of 0.1 % 

arabinose to the tme1A overexpressing strain led to cell rounding, followed by cell lysis within 

15 minutes (Fig. 4.3B; Fig. S4.3). 

Previous findings of Tme-Tmi1 E-I pairs in V. parahaemolyticus identified one cognate 

immunity protein encoded in the genomic neighbourhood of the effector, which was not 

sufficient to provide cross-protection [11]. Unlike in V. parahaemolytcus, three genes encoding 

putative cognate immunity proteins were identified in the genomic neighbourhood of tme1A as 

well as tme1B (Fig. 4.1A). To determine whether each immunity protein is sufficient to 

neutralize the Tme1A and Tme1B antibacterial effect, we co-expressed the Tmi proteins along 

with the effectors. The co-expression of Tme1A and Tmi1A resulted in a complete restored 

growth upon induction, neutralizing the Tme1A effector (Fig. 4.3C). We next co-expressed the 

cognate immunity proteins Tmi1B and Tmi1C of the Aux2 cluster together with the respective 

effector Tme1A. While the toxic effect was neutralized partly after 7 h of incubation, yet 

bacterial growth restored completely and resulted in a growth FoldChange of 0.12 for Tmi1B 

and 0.19 FoldChange for Tmi1C (Fig. 4.3C). We next analysed whether the immunity proteins 

of the Aux6 cluster could cross-neutralize the Tme1A effector. While co-expression of Tmi1F 

enabled neutralization of the toxic effect similar to Tmi1C (0.2 FoldChange), the co-expression 

of Tmi1D and Tmi1E was not sufficient to restore the bacterial growth (Fig. 4.3C). Similar to 

Tme1A, all immunity proteins were tested whether they are able to neutralize the antibacterial 

effect of Tme1B and were therefore co-expressed and the growth monitored. While Tmi1A 

(0.19 FoldChange), Tmi1D (0.14 FoldChange), Tmi1E (0.19 FoldChange) and Tmi1F (0.19 
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FoldChange) partially neutralised the toxic effect; Tmi1B had the strongest neutralization ability 

(0.06 FoldChange) (Fig. 4.3D). In contrary to the previous results, co-expression of Tmi1C 

was not sufficient to provide cross-protection against Tme1B, leading to a significant decrease 

in bacterial growth (0.52 FoldChange). These results collectively show, that Tme1A and 

Tme1B are T6SS effectors of P. luminescens deploying antibacterial activity, which can be 

neutralized by their cognate immunity proteins and partially be cross-neutralized. 
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Fig 4.3. Cell protection through Tmi1’s against Tme1A and Tme1B. A Expression of tme1A and 

tme1B in E. coli BL21 star cells induced with 0.1% arabinose (continuous coloured line) or repressed 

with 0.1% glucose (black dotted line) after 2 h of growth. Growth of E. coli was monitored for 7 h. Cells 

carrying the empty vector were used as control. Arrows indicate the time point arabinose or glucose was 

added. B Time-lapse microscopy of E. coli BL21 cells overproducing Tme1A. Disrupting cells are 

indicated with yellow circles. C – D Co-expression of tme1A or tme1B with the cognate and non-cognate 

immunity proteins Tmi1A-F. Genes encoding the effector proteins were cloned into pBAD24 and genes 

encoding the immunity proteins were cloned into pBAD33 vector. Growth of E. coli was monitored for 7 

h and gene expression resulting in protein overproduction induced with either 0.1% arabinose 

(continuous colored line) or repressed with 0.1% glucose (black dotted line). Arrows indicate the time 

point arabinose or glucose was added. The OD600 is plotted against the time. Data represent the mean 

± standard error of three independent experiments with each technical triplicate. P values below 0.05 

are indicated in the respective graphs with asterisks (**). 

 

The C-terminal loop of Tmi1 is required for Tme1 protection 

Previously was shown that the class of Tme immunity proteins harbours DUF1240 or 

DUF1240-like domains, yet no specific domain crucial to provide immunity has been identified 

yet [11]. Considering our previous outcomes by analysing the ability of the immunity proteins 

to protect the cells, we subsequently performed sequence analysis and multiple sequence 

alignments. Initial in silico analysis of the six Tmi1 protein homologues identified three 

transmembrane helices and a DUF1240 domain, yet the overall sequence identity was rather 

low (Fig. S4.4). While the immunity proteins encoded by the Aux6 cluster share a sequence 

similarity of 64 - 84%, the immunity proteins in the Aux2 cluster shared only a sequence identity 

ranging from 53 – 61% (Fig. S4.4). To determine conserved regions, multiple sequence 

alignments on the amino acid sequences of P. luminescens DJC Tmi1 protein was performed. 

While no conserved region was identified in the N-terminal region, a high conserved region in 

the C-terminal end (~ 20 amino acids) was found (Fig. 4.4A). Following AlphaFold2-predictions 

indicated the respective conserved region assembles a loop found at the C-terminal end with 

a high structure similarity (Fig. 4.4B, S4.4). Respective PAE of AlphaFold2 predictions are 

shown in Fig. S4.6. In order to determine whether the C-terminal loop is involved in the 

interaction with the effector protein Tme1, AlphaFold2 predictions of Tme1A-Tmi1A interaction 

were performed (Fig. 4.4C). Interestingly, the prediction suggested that the C-terminal loop is 
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found in proximity of the α3 and α4-helices of Tme1A, which are directed towards the inner 

lumen upon multimeric pore assembly. Heterodimer predictions of Tme1A and Tme1B with the 

diverse P. luminescens DJC Tmi1 proteins (~ 2500 DUF1240 and DUF1240-like proteins were 

analysed) showed identical interactions of Tme1 and Tmi1 via the C-terminal loop (Fig. S4.5). 

Thus, this suggests that the C-terminal loop is crucial to provide protection against the Tme1 

effectors. The analysis highlighted a conserved motif consisting of an invariant CxxxxW 

followed by an CxxW (Fig. 4.4D). In accordance with the in silico analyses, Tmi1C was unable 

to neutralise Tme1B, which might be caused by an amino acid substitution from tryptophan to 

leucine within the conserved amino acid motif (Fig. 4.4C and 4.4D). To confirm the role of the 

conserved motif, we generated a plasmid to express a truncated version of tmi1A coding for a 

TmiA derivative lacking the amino acids from position 112 to position 132 (Tmi1A112V). While 

the co-expression of Tme1A and Tmi1A led to a protection of the cells against the effector, co-

expression of Tmi1A112V was no sufficient to protect the cells against Tme1A (Fig. 4.4E). 

Therefore, we can conclude that the C-terminal loop is crucial to provide neutralization of the 

Tme1 effectors and suggest, that the conserved motif is a characteristic feature found in the 

family of Tmi1 immunity proteins. 
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Fig 4.4. Identification of Tmi1 conserved motif in DUF1240 domain containing proteins. A 
Multiple sequence alignment of Tmi1A-F performed with Clustal Omega and visualized with ESpript 3.0. 

B AlphaFold2 structure prediction of Tmi1A, light blud indicates DUF1240 domain and dark blud C-

terminal loop. C AlphaFold2 structure prediction of Tme1A-Tmi1A heterooligomer with focused image of 
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putative interaction side (indicated in red). D Conserved amino acid motif found in the C-terminal region 

of DUF1240 domain containing proteins, illustrated with WebLogo 3 based on multiple sequence 

alignment. Conserved amino acids are indicated in red. E Co-expression of Tme1A-Tmi1A and Tme1A-

Tmi1A112V lacking the C-terminal loop. Gene expression was induced after 2 h with either 0.1% 

arabinose (continuous colored line) or repressed with 0.1% glucose (black dashes line). OD600 is plotted 

against the time. Data represent the mean ± standard error of three independent experiments with each 

technical triplicate. P values below 0.05 are indicated in the respective graphs with asterisks (**). 

 

The promoter of tme1A (Ptme1A) is active in the exponential growth phase 

Finally, to determine how the T6SS-effectors Tme1A and Tme1B contribute to the bacteria’s 

viability, we performed luminescence-based reporter assays in the reporter strain P. 

luminescens DJC ∆lux. Briefly, the promoter regions downstream of tme1A and upstream of 

tme1B were cloned into the reporter plasmid pBBR1-lux and analysed for bioluminescence. 

As reported previously, T6SS activity can depend on the presence of bacteria harbouring 

T6SSs. We therefore tested Klebsiella pneumoniae as T6SS+ and E. coli Top10 as T6SS- 

competitors [37]. Furthermore, since the T6SS is active at different time points during bacterial 

growth, we monitored the activity of the respective promoters over 24 h. Wheareas in the 

control groups, reporter strains harbouring pBBR1-lux ø, no luminescence was detected, a 

signal for Ptme1A activity was observed in the P. luminescens DJC ∆lux strains test group (Fig. 

4.5A). No activity was observed within the first 9 h, however, the Ptme1A and Ptme1B promoter 

activities increased throughout the exponential phase and was then reduced in the stationary 

phase in both P. luminescens DJC 1° and 2° ∆lux cells. Using the T6SS- E. coli strain as 

competitor, a reduction on Ptme1A activity was observed in the P. luminescens DJC 1° ∆lux but 

not in the 2° ∆lux cells. When monitoring the competition with the T6SS+ K. pneumoniae strain, 

an overall reduction in Ptme1A activity was detected. Interestingly, no activity for Ptme1B was 

detected in the P. luminescens DJC 1° and 2° ∆lux cells under the tested conditions. The Ptme1A 

activity and the absence Ptme1B activity indicates that Tme1A plays a crucial role in the lifestyle 

of P. luminescens DJC cells. 
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Fig 4.5. Role of Tme1A and Tme1B for the biology of the insect pathogen P. luminescens. A 
Luminescence signal during luminescence-based reporter assays performed with P. luminescens 1° and 

2°∆lux strains carrying the reporter plasmids pBBR1-luxø, pBBR1-lux::Ptme1A and pBBR1-lux::Ptme1B. 
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Prey organisms E. coli Top10 and K. pneumoniae were added in a 1:10 ratio (prey : hunter) after 2 h of 

cultivation. Luminescence was measured every 10 minutes for 24 h. Data represent mean ± standard 

error of three independent experiments with each technical triplicate. Interbacterial competition assay 

with B K. pneumoniae and C E. coli Top10 as prey and P. luminescens 1°/2° WT and ∆tme1A strains as 

hunter strains. Prey and hunter were mixed in a 1:10 ratio and co-cultivated for 9 h. Surviving prey cells 

were quantified of colony forming units (CFU/ml) upon selection on antibiotic resistance. Mean ± 

standard error of three independent experiments is shown. Asterisk indicates significance according to 

t-test. 

 

Tme1A is crucial for interbacterial competition 

Next, we investigated whether the observed promoter activation of Ptme1A in the stationary 

growth phase reflects a crucial time point in the P. luminescens DJC interbacterial competition. 

For that purpose, we performed interbacterial competition assays using the T6SS+ and T6SS- 

strains described above as preys and P. luminescens DJC WT and ∆tme1A as target strains 

(Fig. 4.5B and 4.5C). Respective P. luminescens ∆tme1B mutants were not taken in context 

as no promoter activity was observed in the above-described experiment.  

While the prey cells survival rate decreased for both, K. pneumoniae and E. coli Top10, when 

competing with P. luminescens DJC 1° cells, a significant increase in surviving prey cells could 

be observed when P. luminescens DJC 1°∆tme1A and K. pneumoniae competed. On the 

contrary, competition of K. pneumoniae and P. luminescens DJC 2°∆tme1A resulted in a 

decreased amount of surviving prey cells compared to the DJC 2° WT. Interestingly, although 

the promoter of tme1A was active when tested against E. coli Top10, no differences were 

observed in the prey cell survival despite the lack of tme1A in P. luminescens DJC. However, 

these results indicate, that the T6SS effector Tme1A plays an important role in interbacterial 

competition and is crucial for P. luminescens DJC when competing with K. pneumoniae (a 

T6SS+ strain).  
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4.5 Discussion 

The diversity of bacteria in terms of their lifestyles requires different mechanisms to maintain 

their population size and to compete with other microorganisms. The type VI secretion system 

(T6SS) resembles such a competition mechanism and is found in diverse Gram-negative 

bacteria [6, 38]. The ability of bacteria to intoxicate a target cell through the T6SS with a broad 

spectrum of antibacterial or anti-eukaryotic effectors makes it an interesting molecular weapon 

to study [29, 39]. However, many details about the effectors and their role in bacteria’s viability 

remain unknown. In this study, we have given further insights into the class of T6SS membrane 

disrupting effectors (Tme) and analysed them with respect to the biological importance for the 

insect pathogenic bacterium Photorhabdus luminescens.  

Our bioinformatics analysis on the family of Tme like effectors identified the two effectors 

Tme1A and Tme1B. The corresponding genes are located within auxiliary gene clusters in the 

genome of P. luminescens strain DJC (Fig. 4.1A). Both effectors harbour the Tme conserved 

motif, however, no further domain such as MIX or PAAR could be identified, which have been 

previously described to be found in the Tme effector family [11]. Therefore, there is no hint 

from the homology how the toxins are secreted by the T6SS into a target cell. Yet, the presence 

of an HcP encoding gene in the genomic neighbourhood of tme1A indicates that the Tme1 

effectors could be transported within the lumen by hexameric HcP’s (Fig. 4.1A). The BACTH 

analyses revealed that Tme1A and Tme1B are indeed able to interact with different HcPs, 

although Tme1A was not able to interact with HcP3 (Fig. 4.2A). As well, the pore-forming T6SS 

toxins Tse1-4 of Pseudomonas aeruginosa have been shown to interact with HcP1, but not 

HcP2 or HcP3, indicating that the HcP-effector interactions are very unique [40]. Yet, a limiting 

factor for the transport of toxins through the HcP lumen is the size of the toxin, as the inner 

lumen of the HcP tube has a size of ~ 40 Å [38]. Nevertheless, Tme1A and Tme1B have a 

molecular weight of 26 - 32 kDa, therefore, their size is not a restriction and support the 

hypothesis that Tme is transported along the Hcp tube inside of a target cell. 
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The BATCH analysis further showed that Tme1A was able to interact with itself, which supports 

the multimeric AlphaFold2-predictions of a pore formation upon predicting multimers of Tme1A 

(Fig. 4.1E and 4.1F). While these results are mostly based on in silico analyses, previous 

studies showed how Tme of V. parahaemolyticus led to membrane disruption and loss of 

membrane potential similarly to the well-studied VasX effector of V. cholerae, which resembles 

the pore-forming colicins [28, 41, 42]. In addition, our time-lapse microscopy supports the 

hypothesis of a pore formation, as the Tme1A effector can intoxicate a target cell and thereby 

disrupt the cell membrane within 15 minutes (Fig. 4.3B and Fig. S4.3). However, further 

biochemical studies are required to confirm the pore formation of the Tme proteins and their 

mode of action to disrupt a targets cell membrane. 

Previous studies showed that DUF1240 proteins can provide immunity against their cognate 

Tme effectors but cannot provide cross-protection [11]. Unlikely, our results show that the non-

cognate immunity proteins can neutralise other Tme effectors, although not with equal 

efficiency as the cognate immunity proteins (Fig. 4.3C and 4.3D). Furthermore, we propose a 

conserved motif for the Tmi protein family, which is found at the C-terminal end and forms a 

loop. This is supported by the finding that the absence of the loop results in the toxin no longer 

being neutralised (Fig. 4.4E). Moreover, the C-terminal loop of Tmi1 interacts with the α3- and 

α4-helices of Tme1, which are located towards the inner lumen of the pore. Therefore, we 

suggest that neutralization through the Tmi immunity family could rely on the interaction of both 

proteins. Due to the interaction, the immunity proteins might prevent the hetero-oligomerization 

of the effector to a pore, similarly to the E-I pairs Tle4-Tli4 and Tse3-Tsi3 of P. aeruginosa [43, 

44]. Additionally, our findings show that Tmi1C is capable to neutralize Tme1B, while it is the 

only of the immunity proteins with an amino acid substitution from tryptophan to leucine in the 

conserved motif (Fig. 4.3D and 4.4C). In summary, these results collectively indicate that the 

C-terminal loop of T6SS immunity proteins is essential to provide neutralization as previously 

observed in P. aeruginosa and here in P. luminescens. 

Finally, we performed first studies of the T6SS in a bacterium that is characterized by distinct 

phenotypic heterogeneity. Thereby we aimed to understand the role of Tme1A and Tme1B in 
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the viability of P. luminescens by studying the promoter activity when the bacteria compete 

against others. While we could not determine under which extracellular or environmental 

signals Tme1B is essential, Tme1A emerged to be active when the cells enter the exponential 

growth phase (Fig. 4.5A and 4.B). Interestingly, the increased PtmeA1 promoter activity in the 

P. luminescens DJC 1° cells goes along with increased survival of K. pneumoniae prey cells, 

when tme1A is lacking (Fig. 4.5C). This indicates that the T6SS is active under these 

conditions, and that the effectors are differently used in the two phenotypic different cell forms, 

which leads us to hypothesize that Tme1A could play a role in competition with other bacteria 

during nematode symbiosis or in the insect larvae.  

Concluding, our study provides new insights on the Tmi1 immunity proteins, indicating that 

these proteins can neutralize a broader range of Tme1 effectors, albeit varying in their 

efficiency. Thereby, the C-terminal loop of the Tmi1 proteins is critical for neutralization, as it 

likely prevents the oligomerization of Tme1 pore formation. To summarize, we propose a model 

of action on how the Tme1 is T6SS-transferred into the target cells and how the Tme1-Tmi1 

pairs is working in Photorhabdus (Fig. 7.2). Identification of the Tme1-Tmi1 complex by cryo-

electron microscopy could help to understand the role of the C-terminal loop in the effector 

neutralization. Overall, our findings provide new insights into the T6SS function of P. 

luminescens strain DJC, highlighting its importance for bacterial competition within the lifecycle 

of this biotechnological relevant bacterium.  
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4.6 Material and methods 

Bioinformatics analysis of Tme1-Tmi1 pairs in P. luminescens 

DNA and protein sequences were obtained from the NCBI database 

(https://www.ncbi.nlm.nih.gov/). The NCBI CDD was used to obtain information on conserved 

domains together with HHpred protein analyses [45–47]. Protein structure modelling of 

monomers and multimers were performed using AlphaFold2 [48, 49]. ChimeraX was used for 

visualization and structural alignments [50]. Multiple sequence alignments were performed 

with Clustal Omega and further visualized with ESpript 3.0 [51, 52].  

Identification of DUF1240-domain containing proteins 

Five iterations of PSI-BLAST against the reference protein P. luminescens DJC Tmi1A 

(WP_011144793.1) were performed to identify proteins containing the DUF1240 domain along 

with NCBI CDD [45, 46, 53, 54]. Subsequently, protein sequences and accession were 

retrieved from the NCBI database. DUF1240 domain containing proteins were aligned using 

Clustal Omega and following illustrated using the WebLogo3 server [51, 55]. 

Bacterial strains and cultivation 

Escherichia coli strains DH5 ( pir), BL21 star, Top10 tnGFP and BTH101 were grown in LB 

medium (1% [w/v] tryptone, 0.5% [w/v] yeast extract, 0.5% [w/v] NaCl) supplemented with or 

without respective antibiotics under aerobic conditions at 37°C. E. coli strains DH5 ( pir) 

were used for plasmid construction. E. coli BL21 star was used for toxicity assays and protein 

production, and E. coli BTH101 was used for bacterial two-hybrid assays. For induction and 

repression of the genes of intererst, 0.1% [w/v] arabinose or 0.1% [w/v] glucose was added to 

the media. For in vitro assays, Photorhabdus luminescens subsp. luminescens strain DJC [56] 

and Klebsiella pneumoniae were cultivated aerobically at 30°C in CASO medium (1.5 % [w/v] 

peptone, 0.5 % [w/v] peptone from soy, 0.5 % [w/v] NaCl).  

 

https://www.ncbi.nlm.nih.gov/
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Generation of plasmids 

For arabinose inducible effector gene expression, plasmid pBAD24 was used. To generate 

pBAD24::Tme1A and pBAD24::Tme1B, genomic tme1A was amplified by PCR using the 

primer pair XmaI-Tme1A-fwd + XbaI-Tme1A-rev and genomic tme1B using the primer pair 

XmaI-Tme1B-fwd and XbaI-Tme1B-rev. The fragment was cloned into pBAD24 plasmid 

downstream of the Para promoter, utilizing the introduced restriction sites. To generate the 

plasmids for immunity protein production, plasmid pBAD33 was used. For amplification of 

genomic tmi1A, the primer pair XbaI-Tmi1A-fwd + HindIII-Tmi1A-rev and for genomic tmi1B 

the primer pair XmaI-Tmi1B-fwd + XbaI-Tmi1B-rev was used. To amplify genomic tmi1C and 

tmi1D, the primer pairs XbaI-Tmi1C-fwd + HindIII-Tmi1C-rev and XbaI-Tmi1D-fwd + HindIII-

Tmi1D-rev were used. For genomic tmi1E and tmi1F amplification, the primer pairs XbaI-

Tmi1E-fwd + HindIII-Tmi1E-rev and XbaI-Tmi1F-fwd + HindIII-Tmi1F-rev were used. The 

fragments were then cloned into the pBAD33 plasmid downstream of the Para promoter, 

utilizing the respective restriction enzymes. Correct insertion was verified by PCR using the 

pBAD-fwd and pBAD-rev primer pair, followed by DNA sequencing. 

To generate the reporter plasmids pBBR1-lux::Ptme1A and pBBR1-lux::Ptme1B, the promoter 

regions of tme1A and tme1B were cloned into pBBR1-lux plasmid with the respective 

restriction enzymes. To amplify the promoter of tme1A, the primer pair Ptme1A-XbaI + 

Ptme1A-HindIII and for the promoter of tme1B the primer pair Ptme1B-XbaI + Ptme1B-HindIII 

was used. Correct insertion was confirmed using the primers pBBR1-check-fwd + pBBR1-

check-rev, followed by DNA sequencing. 

For the generation of BACTH plasmids carrying tme1A, the genomic region was amplified by 

PCR using the primer pair Tme1A-XbaI-B2H + Tme1A-XmaI-B2H. The fragment was cloned 

into pUT18, pUT18C, pKT25 and pKNT25 (Euromedex, Souffelweyersheim) to generate the 

plasmids pUT18::Tme1A, pUT18C::Tme1A, pKNT25::Tme1A and pKT25::Tme1A using the 

restriction enzymes XbaI and XmaI. The plasmid pKNT25::Tme1B was generated by 

amplification of tme1B with the primer pair Tme1B-XbaI-B2H + Tme1B-XmaI-B2H. The 

amplicon was cloned into pKNT25 using the respective restriction enzymes. BACTH plasmids 
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carrying the immunity proteins were generated in plasmid pUT18 utilizing the respective 

restriction enzymes. Genomic tmi1A was amplified using the primer pair Tmi1A-XbaI-B2H + 

Tmi1A-XmaI-B2H, genomic tmi1B using the primer pair Tmi1B-XbaI-B2H + Tmi1B-XmaI-B2H, 

genomic tmi1C with the primer pair Tmi1C-XbaI-B2H + Tmi1C-XmaI-B2H, genomic tmi1D 

using the primers Tmi1D-XbaI-B2H + Tmi1D-XmaI-B2H, genomic tmi1E with the primers 

Tmi1E-XbaI-B2H + Tmi1E-XmaI-B2H and genomic tmi1F using the primer pair Tmi1F-XbaI-

B2H + Tmi1F-XmaI-B2H. To test interactions of Tme1 with the different HcPs, respective 

pUT18 plasmids were constructed and amplicons inserted using the restriction enzymes XbaI 

and XmaI. Amplification of hcP1 was performed by PCR using the primer pair HcP1-XbaI-B2H 

+ HcP1-XmaI-B2H. For genomic hcP2, the primer pair HcP2-XbaI-B2H + HcP2-XmaI-B2H was 

used. Genomic hcP3 was amplified using the primers HcP3-XbaI-B2H + HcP3-XmaI-B2H and 

for hcP6, the primers HcP6-XbaI-B2H + HcP6-XmaI-B2H. The primers HcP7-XbaI-B2H + 

HcP7-XmaI-B2H were used to amplify hcP7, HcP8-XbaI-B2H + HcP8-XmaI-B2H to amplify 

hcP8 and HcP9-XbaI-B2H + HcP9-XmaI-B2H to amplify hcP9. Genomic hcP10 was amplified 

using the primers HcP10-XbaI-B2H + HcP10-XmaI-B2H, hcP11 with the primers HcP11-XbaI-

B2H + HcP11-XmaI-B2H and hcP12 with the primer pair HcP12-XbaI-B2H + HcP12-XmaI-

B2H. Correct insertion was confirmed by PCR using the primers BACTH-check-fwd, pUT18/C-

check-rev, pKNT25-check-rev and pKT25-check-rev, followed by DNA sequencing. 

To generate the reporter plasmids pBBR1-lux::Ptme1A and pBBR1-lux::Ptme1B, the promoter 

regions of tme1A and tme1B were inserted into pBBR1-lux plasmid with the respective 

restriction enzymes. To amplify the promoter of tme1A, the primer pair Ptme1A-XbaI + 

Ptme1A-HindIII and for the promoter of tme1B the primer pair Ptme1B-XbaI + Ptme1B-HindIII 

was used. Correct insertion was confirmed using the primers pBBR1-check-fwd + pBBR1-

check-rev, followed by DNA sequencing. 

For the generation of plasmids pNTPs::Tme1A and pNTPS::Tme1B for in-frame deletion 

mutants, 300 bp up- and downstream of genomic tme1A and tme1B were amplified. To amplify 

the flanking regions of genomic tme1A, the primer pairs FA-Tme1A-BamHI + FA-Tme1A-ovl 

and FB-Tme1A-ovl + FB-Tme1A-EagI were used. The flanking regions were then fused by 
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overlap extension PCR using the primer pair FA-Tme1A-BamHI + FB-Tme1A-EagI. For 

amplification of the flanking regions of genomic tme1B, the primer pairs FA-Tme1B-BamHI + 

FA-Tme1B-ovl and FB-Tme1B-ovl + FB-Tme1B-EagI were used. For fusion of the amplicons 

by overlap extension PCR, the primer pair FA-Tme1B-BamHI + FB-Tme1B-EagI was used. 

The resulting fragments were cloned into the pNTPs138-R6KT plasmid using the respective 

restriction enzymes. Correct insertion was verified using the primer pair pNTPs-check-fwd and 

pNTPs-check-rev, followed by DNA sequencing. Oligonucleotides sequences are listed in in 

the supplementary material Table S4.1. 

Generation of genomic gene deletions in P. luminescens and generation of reporter 

strains 

For tme1A and tme1B deletion in the genome of P. luminescens DJC 1° and 2° cells, the 

plasmids pNTPs::Tme1A and pNTPs::Tme1B were used. Deletion of genes occurred through 

double homologous recombination as previously described [57]. Briefly, the respective 

plasmids were conjugated from E. coli ST18 cells into P. luminescens 1° and 2° cells and 

selected for KmR. The pNTPs138-R6KT plasmids carries the sacB gene and therefore, a 

second selection was performed on SacR KmS. Successful deletion was confirmed by PCR 

using the primer pair FA-Tme1A-BamHI + FB-Tme1A-EagI or FA-Tme1B-BamHI + FB-

Tme1B-EagI, followed by DNA sequencing. To generate the P. luminescens 1° and 2° reporter 

strains, the respective plasmids pBBR1-luxø, pBBR1-lux::Ptme1A and pBBR1-lux::Ptme1B were 

conjugated from E. coli ST18 to 1° and 2° cells. Selection of successful plasmid transfer was 

ensured for testing the cells on GmR.  

Effector-immunity protein toxicity assays 

To determine the toxic effect of Tme1A and Tme1B, bacterial growth was monitored after 

effector production. Briefly, E. coli BL21 cells were transformed with pBAD24 effector plasmids 

(pBAD24::effector) and cultivated in LB medium supplemented with carbenicillin and 0.1% 

[w/v] glucose to repress the Para promoter. Cultures were adjusted to OD600 = 0.01 and 200 µl 

were transferred into a 96-well plate in technical triplicates. Samples were then incubated for 
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7 h at 37°C under shaking (135 rpm) and the OD600 was measured every 10 minutes using a 

Spark microplate reader (Tecan, Salzburg). After 2 h, heterologous protein production was 

started by induction of gene expression using 0.1% [w/v] arabinose, or it was repressed using 

0.1% [w/v] glucose. Three biological replicates were performed. E. coli BL21 star cells 

containing the empty pBAD24 vector served as control. 

Neutralization of the toxic effectors was determined by co-expression of the effector genes 

located on the pBAD24 derivatives with the respective immunity genes located on pBAD33 

(pBAD33::immunity). Both plasmids contain compatible origins of replication and are therefore 

stable in E. coli. E. coli BL21 cells were co-transformed with the respective pBAD24::effectors 

and pBAD33::immunity plasmid derivatives and cultivated in LB medium containing 

carbenicillin, chloramphenicol and 0.1% [w/v] glucose. Experiments were performed as 

described above, except that addition of chloramphenicol was further added to the growth 

media. Three biological replicates were performed. E. coli BL21 star cells containing the 

pBAD24 and pBAD33 empty vectors served as control. The mean of three independent 

biological replicates and three technical replicates was calculated and the respective standard 

error. Statistical analysis was performed through linear regression of logarithmically 

transformed data. 

Time-lapse microscopy 

To monitor cells after production of Tme1A, time-lapse microscopy was performed. Briefly, an 

overnight cultures of E. coli BL21 cells containing the pBAD24::Tme1A or pBAD24ø plasmid 

was inoculated in new medium with OD600 = 0.2 and cultivated for another 2 h. Gene expression 

was induced by the addition of 0.1% [w/v] arabinose. After 15 min, 10 µl were pipetted on a 

specimen slide and visualized by phase-contrast microscopy with the 100x magnitude (Leica 

Dmi8 Fluorescence Imaging System). Pictures were taken for 5 minutes in 5 second intervals. 
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Bacterial adenylate cyclase two-hybrid (BACTH) assays 

To understand the delivery mechanism of Tme1A and Tme1B into a target cell, bacterial 

adenylate cyclase two-hybrid BACTH analysis were performed according to the 

manufacturer’s protocol (Euromedex, Souffelweyersheim). Briefly, genes encoding proteins of 

interest (X and Y) were amplified by PCR from the P. luminescens DJC genome and inserted 

into the pKNT25 and pUT18 plasmids. E. coli BTH101 cells were co-transformed with the 

respective plasmids and cultivated on LB plates containing carbenicillin (100 µl/ml) and 

kanamycin (50 µg/ml). 10 µl of an overnight culture were spotted onto a LB plate containing 

carbenicillin (100 µl/ml), kanamycin (50 µg/ml), IPTG (0.5 M) and X-Gal (40 µg/ml) and 

incubated for 24 h at 30°C. The interaction was monitored by visual blue colonies, whereas no 

interaction was indicated by white colonies. As a positive control, cells co-transformed with 

pUT18C-zip and pKT25-zip were used, and cells co-transformed and with pKT25 and pUT18C 

served as negative control. 

Interbacterial competition assays 

P. luminescens strains were tested in interbacterial competition against T6SS+ and T6SS- 

bacteria. Streptomycin resistant E. coli Top10 tnGFP was used as T6SS- strain and Klebsiella 

pneumoniae as T6SS+ strain. Competition assays were performed as previously described 

[32]. Briefly, overnight cultures of P. luminescens, E. coli and K. pneumoniae were mixed in a 

OD600 ratio of 10:1 (hunter : prey), and 100 µl spotted onto a pre-heated CASO agar plate. The 

cells were co-incubated for 9 h at 30°C and afterwards resuspended in 1 ml sterile PBS buffer 

pH 7.4 [137 mM NaCl; 2.7 mM KCl; 10 mM 10 mM Na2HPO4; 1.8 mM KH2PO4]. A serial dilution 

of the co-culture was spotted onto CASO plates containing the respective antibiotics and then 

incubated at 30°C. Three biological replicates were performed, and the respective hunter 

strains alone served as a control.  

Luminescence-based reporter assays 

To investigate the activity of the tme1A and tme1B promoter region, luminescence-based 

reporter assays were performed. Briefly, P. luminescens ∆lux reporter strains were cultivated 
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in a black 96-well microtiter plate with a starting OD600 = 0.1. After 2 h of incubation at 30°C, E. 

coli Top10 or K. pneumoniae were added in a 1:10 ratio (hunter : prey) and cultivated for 

another 22 h. Blank media served as control. OD600 and luminescence was recorded every 30 

minutes in a luminescence microplate reader (Tecan, Salzburg) in at least three biological and 

three technical replicates. 
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4.8 Supplementary Information 

Table 4.S1: Oligo nucleotides used in this study 

Name Oligo sequence 5’ – 3’  

XmaI-Tme1A-fwd TCTCCCGGGATGCATCATCACCACCACCATATGACATATAAAAAATACAACCCCT  

XbaI-Tme1A-rev CTCTCTAGATTATTTAACATATCTCCCCCAATTA  

XmaI-Tme1B-fwd TCTCCCGGGATGCATCATCACCACCACCATTTGCTATCCTTAGAGGAAGC  

XbaI-Tme1b-rev CTCTCTAGATTATTTACCATAATTCCCCCAG  

XbaI-Tmi1A-fwd CCTATCTAGAATGCATCATCACCACCACCATATGTTAAATAATAAAATAATACGTATTATTTGC  

HindIII-Tmi1A-rev CGTTAAGCTTTCAATCACATAGCTTCATATC  

XmaI-Tmi1B-fwd CCTACCCGGGATGCATCATCACCACCACCATATGAGAAAAAAAACTA  

XbaI-Tmi1B-rev CGTTTCTAGATCAATCACATAGTTTAATA  

XbaI-Tmi1C-fwd CCTATCTAGAATGCATCATCACCACCACCATATGGAAAATAAAAAAAAGATTATACATATCA  

HindIII-Tmi1C-rev CGTTAAGCTTTCAATCACATAGCTTCATATC  

XbaI-Tmi1D-fwd CCTATCTAGAATGCATCATCACCACCACCATATGCATATCATCGGCG  

HindIII-Tmi1D-rev CGTTAAGCTTTTAATCACATAGTTTAATATCTTTTACATAG  

XbaI-Tmi1E-fwd CCTATCTAGAATGCATCATCACCACCACCATATGCATATTATAGGAGCTTTTTC  

HindIII-Tmi1E-rev CGTTAAGCTTTTAATCACATAGCTTAATGTTTTT  

XbaI-Tmi1F-fwd CCTATCTAGAATGCATCATCACCACCACCATATGGTAAATAAGAAAAATATCTTACC  

HindIII-Tmi1F-rev CGTTAAGCTTTTAATCACATAGCTTAATATCTTTTACATA  

Ptme1A-Xba1 GTCATCTAGAGGTACGACCTTAACACC  

Ptme1A-HindIII GTAGAAGCTTACGGCTAACCCCATTA  

Ptme1B-Xba1 TACTTCTAGACCGATGTGACGACTTTTG  

Ptme1B-HindIII AGTCAAGCTTCGCAATATACGTTGTATTCTCG  

Tme1A-XbaI-B2H CGTTTCTAGAATGACATATAAAAAATACAACCCCT  

Tme1A-XmaI-B2H CGTTCCCGGGTTATTTAACATATCTCCCCCAATTA  

Tme1B-XbaI-B2H CGTTTCTAGATTGCTATCCTTAGAGGAAG  

Tme1B-XmaI-B2H CGTTCCCGGGTTATTTACCATAATTCCCCCAG  
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Tmi1A-XbaI-B2H CCTATCTAGAATGTTAAATAATAAAATAATAC  

Tmi1A-XmaI-B2H CGTTCCCGGGATCACATAGCTTCATATCTTTCAC  

Tmi1B-XbaI-B2H CCTATCTAGAATGAGAAAAAAAACTA  

Tmi1B-XmaI-B2H CGTTCCCGGGATCACATAGTTTAATA  

Tmi1C-XbaI-B2H CCTATCTAGAATGGAAAATAAAAAAAAGAT  

Tmi1C-XmaI-B2H CGTTCCCGGGTCAATCACATAGCTTCATATCTTTTACATA  

Tmi1D-XbaI-B2H CGTTTCTAGAATGCATATCATCGGCGCTTT  

Tmi1D-XmaI-B2H CCTACCCGGGCGAATCACATAGTTT  

Tmi1E-XbaI-B2H CGTTTCTAGAATGCATATTATAGG  

Tmi1E-XmaI-B2H CCTACCCGGGCGAATCACATAGCTTAATAT  

Tmi1F-XbaI-B2H CGTTTCTAGAATGGTAAATAAGAAAA  

Tmi1F-XmaI-B2H CGTTCCCGGGATGGTAAATAAGAAAA  

HcP1-XbaI-B2H CGTTTCTAGAATGGCTGACATGATTTACA  

HcP1-XmaI-B2H CGTTCCCGGGTTAATAAATTCTGTCATCCCAAATA  

HcP2-XbaI-B2H CGTTTCTAGAATGCCAACTCCATGTTATAT  

HcP2-XmaI-B2H CGTTCCCGGGTCAGGCAACAATAGGTG  

HcP3-XbaI-B2H CGTTTCTAGAATGTCACATATAAT  

HcP3-XmaI-B2H CCTACCCGGGATAAATTCTATCAT  

HcP6-XbaI-B2H CGTTTCTAGAATGGCTATTCCTTTATATATGTAC  

HcP6-XmaI-B2H CGTTCCCGGGTTATACCTTTTCAGCCCAA  

HcP7-XbaI-B2H CGTTTCTAGAATGAGTTCTTCAATCTTTTTACAA  

HcP7-XmaI-B2H CGTTCCCGGGTTATTGTTTTTTGTTCTCGATAAGA  

HcP8-XbaI-B2H CGTTTCTAGAATGGCAAATATGATTTA  

HcP8-XmaI-B2H CCTACCCGGGTCAATAAACCATCT  

HcP9-XbaI-B2H CGTTTCTAGAATGGCGAATATAATCTATT  

HcP9-XmaI-B2H CCTACCCGGGTCAGTAAACGTTGTCTTCCCATAT  

HcP10-XbaI-B2H CGTTTCTAGATTGGCTGACTTAATCTATCT  

HcP10-XmaI-B2H CGTTCCCGGGTTAATATACCGTATCTTCCCA  
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HcP11-XbaI-B2H CGTTTCTAGAATGGCGATTCCCG  

HcP11-XmaI-B2H CGTTCCCGGGTTACGCCGTCGTG  

HcP12-XbaI-B2H CGTTTCTAGAATGGCAATCCCTGC  

HcP12-XmaI-B2H CGTTCCCGGGTTACGCCTGACTGC  

Tmi1A-118V-XbaI CGTTAAGCTTTACTAAATAGCCATCACTTTTTAAC  

FA-Tme1A-BamHI CCTAGGATCCTGTAATATAGTGCTATCTTCGAATTC  

FA-Tme1A-ovl CGTCAGTAGATCCGTGAAACCCTTTCCA  

FB-Tme1A-ovl GATCTACTGACGTAAAATAATACGTATTATTTGCGCAAT  

FB-Tme1A-EagI CGTTCGGCCGTTATAATGCACATAGAAAGATATGGG  

FA-Tme1B-BamHI CCTAGGATCCTAATCCACATAAAAAGATAAAGGAAAA  

FA-Tme1B-ovl CGTCAGTAGATCGAAAAATATCTTACCAATAATCTGTGC  

FB-Tme1B-ovl GATCTACTGACGCGCAATATACGTTGTATTCTC  

FB-Tme1B-EagI CGTTCGGCCGATGCGTTGCGCTTATC  

pBAD-check-fwd 
GCCGTCACTGCGTCTTTTACTGG 

 

pBAD-check-rev 
CAGAAGTGAAACGCCGTAGCG 

 

pNTPs-check-fwd 
TGCTTCCGGCTCGTATG 

 

pNTPs-check-rev 
GGACTGGCCGTCGTTTTAC 

 

pBBR1-check-fwd 
GTAATGACTCTCTAGCTTGAG 

 

pBBR1-check-rev 
TCATCACTTTCGGGAAAG 

 

BACTH-check-fwd 
GTGAGCGGATAACAATTTCAC 

 

pUT18/C-check-rev 
CTTAACTATGCGGCATCAGAGCAG 

 

pKNT25-check-rev 
CTTGCGGCGATACTGCACGGCATAG 

 

pKT25-check-rev 
GATGTGCTGCAAGGCGATTAAG 
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Fig S4.1. AlpaFold2 structure predictions of Tme1A and Tme1B monomer and multimers. 

Predicted alignment error (PAE) plots for best model (rank 1 – rank 5).  
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Fig S4.2. Multimer predictions of Tme1B. AlphaFold2 predictions of Tme1B as dimer, trimer, 

tetramer and pentamer. Different colours indicate monomers of Tme1B. Model images are generated 

with ChimeraX. 
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Fig S4.3. Time-lapse microscopy of E. coli BL21 cells. Overexpression of E. coli BL21 cells 

carrying the pBAD24 empty plasmid. Expression was induced with 0.1% arabinose and cells following 

incubated at 30°C for 15 min. Following time-lapse was performed for additional 15 minutes, pictures 

were taken in 5 second intervals. 
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Fig S4.4. Amino acid sequences and AlphaFold2 predictions of the P. luminescens Tmi1 

immunity proteins. A Amino acid sequence of Tmi1A, Tmi1B, Tmi1C, Tmi1D, Tmi1E, and Tmi1F. The 

DUF1240 domain is shown in orange and transmembrane helices in beige. B AlphaFold2 prediction of 

Tmi1A, Tmi1B, Tmi1C, Tmi1D, Tmi1E, and Tmi1F. Light blue colour highlights the DUF1240 domain 

while dark blue highlights the C-terminal loop. 
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Fig S4.5. AlpfaFold2 predictions of Tme1-Tmi1 interactions. Tme1A and Tme1B are highlighted 

in blue, Tmi1 proteins is showed in grey. The C-terminal loop of cognate immunity proteins is red-

coloured.  
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Fig S4.6. AlphaFold2 protein structure predictions of monomeric Tmi1A, Tmi1B, Tmi1C, 

Tmi1D, Tmi1E, and Tmi1F as well as the Tme1-Tmi1 heterodimers. Predicted alignment error 

(PAE) plots for best model (rank 1 – rank 5). 
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5. Lights off – Role of bioluminescence for the biology of 

the biocontrol agent Photorhabdus luminescens 

 

Friederike Pisarz, Luca Rabbachin, Fabio Platz, Alice Regaiolo, Ralf Heermann (2024).  

Lights off - Role of bioluminescence for the biology of the biocontrol agent Photorhabdus 

luminescens.  

iScience (2024) https://doi.org/10.1016/j.isci.2024.110977 

 

 

Full-text article:  

https://www.cell.com/iscience/fulltext/S2589-0042(24)02202-8 

  

https://doi.org/10.1016/j.isci.2024.110977
https://www.cell.com/iscience/fulltext/S2589-0042(24)02202-8
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degrading soil bacterium 
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7. Concluding discussion 

In recent years, biotechnology has gained prominence as a vital field for addressing critical 

challenges across medicine, agriculture and environmental sustainability. While traditional 

methods, such as chemical treatments, have been effective, they often lead to unintended 

consequences, including pollution, resource depletion and increased resistance in pathogens 

(Rathore and Singh 2022; Jurick II 2022). For example, in medicine, overreliance on synthetic 

drugs has contributed to the emergence of antibiotic-resistant bacteria, while in agriculture, 

chemical pesticides can disrupt soil ecosystems and lead to resistant pest strains (Lamichhane 

et al. 2018). Consequently, there is a need for more efficient, precise and sustainable 

biotechnological approaches that address these limitations while minimizing ecological impact 

(Villadsen 2007; Ghosh et al. 2019).  

Bacterial secretion systems, with their ability to transport proteins directly into the extracellular 

environment, present a promising alternative for advancing sustainable biotechnological 

applications. In addition to simplifying downstream processing and reducing host cell toxicity, 

these systems are highly specialized, allowing for targeted protein delivery with minimal impact 

on surrounding organisms. Such capabilities make bacterial secretion systems valuable for 

applications in medicine, agriculture, and industry, where precision and sustainability are 

crucial. In this context, studying the Type VI Secretion System (T6SS) in P. luminescens is of 

particular importance. The T6SS plays a central role in bacterial interaction with other microbes 

and hosts, making it an ideal model for understanding competitive mechanisms and 

interspecies interactions. By exploring the T6SS in P. luminescens, this study aims to uncover 

the role of the T6SS in this bacterium and further, how bacterial systems can be repurposed 

for targeted applications.  

In this study, whole-cell proteomics revealed the role of T6SS-1 and T6SS-2 in the lifestyle of 

P. luminescens, identifying their association with various fitness factors essential to the 

bacterium. This investigation also demonstrated the importance of the T6SS in interbacterial 

competition, though it found no significant role for T6SSs in interkingdom interactions. Through 
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examining the T6SS-3, the study identified external factors influencing its activation, alongside 

discovering a novel T6SS operon structure. Additionally, this study explored bioluminescence 

as a response to oxidative stress, providing initial insights into its adaptive function for P. 

luminescens. Further, a luminescence-based reporter platform was established in P. 

luminescens, which was then used to confirm the activity of the T6SS effector Tme1 in in vivo 

competition assays. The subsequent analysis of Tme1 revealed its antibacterial properties and 

offered new insights into its neutralization mechanism through its cognate immunity protein. 

Together, these findings deepen the understanding of the T6SS in P. luminescens and highlight 

its potential applications in biotechnology for targeted microbial interactions and antibacterial 

strategies. 

7.1 The roles of T6SSs in Photorhabdus luminescens: Competition 

and pathogenicity 

The complex life cycle of P. luminescens, which ranges from insect pathogenicity to symbiosis 

with nematodes and plants, calls for a diverse array of interbacterial and interkingdom defence 

and symbiosis mechanisms. In the past, studies on the T6SS in different bacteria showed its 

role in the most diverse interbacterial or host-pathogen interactions, like the virulence of 

Ralstonia solanacearum on eggplants or the contribution to insect pathogenicity in 

Pseudomonas protegens (Asolkar und Ramesh 2020; Vacheron et al. 2019). Yet, current 

research on the T6SS in P. luminescens is limited to one T6SS effector (Rhs1) found in the 

strain TTO1, which deploys antibacterial activity by deploying a GTPase activity (Jurėnas et al. 

2021). Comparative bioinformatics of the P. luminescens strains DJC and TTO1 showed a 

high-level conservation of T6SS structural genes, which is also reported in other T6SS 

harbouring bacteria like Acinetobacter spp. (Pisarz et al. 2024; Sun et al. 2024) Chapter 2, 

Fig. 2.1). However, while no transposons or integrons were identified in the DJC strain, multiple 

transposases were found in T6SS gene loci in the strain TTO1, indicating an event of horizontal 

gene transfer (HGT), a tool to enhance the bacterial virulence (Thomas et al. 2017). Moreover, 

the previously described effector Rhs1 is not present in the genome of P. luminescens DJC, 



 
 

150 

indicating it is not essential for this bacterium’s fitness. Acquisition of T6SS encoding genes, 

especially T6SS effectors, through HGT occurs frequently and was previously described for 

various V. cholerae strains, were a novel effector-immunity pair was functionally transferred 

through HGT to a new V. cholerae strain, resulting in increased bacterial fitness (Thomas et 

al. 2017; Barret et al. 2011). Given the possibility to introduce new T6SS-delivered toxins 

through HGT into P. luminescens to enhance its fitness, opens new possibilities for 

biotechnological innovations like targeted delivery of antimicrobial peptides.  

Although T6SS elements can be gained by HGT, still the functionality and activity of the T6SS 

is required to know but difficult to determine. Previous studies aimed to categorize the role and 

functionality of different T6SS gene loci based on phylogenetic groups, resulting in five cluster 

families (Boyer et al. 2009). However, the ability of the T6SS to be virulent against a wide range 

of organisms, including insects, plants, bacteria, fish and fungi, makes the spectrum of activity 

and classification of the system based on phylogenetic analysis difficult (Hood et al. 2010; 

Asolkar und Ramesh 2020; Vacheron et al. 2019; Trunk et al. 2018; Wang et al. 2009). Thus, 

although four different T6SS gene loci were identified in P. luminescens (Pisarz et al. 2024) 

Chapter 2, Fig. 2.1), the classification of those T6SSs in the different phylogenetic groups 

could not provide new insights into the role and functionality of those systems. But the 

presence of multiple T6SS clusters in P. luminescens suggest diverse roles for the bacterial 

cells similar to V. parahaemolyticus, where two T6SSs are important for interbacterial 

competition, whereas the other two T6SSs were found important for anti-eukaryotic activity by 

inducing inflammasome-mediated cell death in macrophages (Ray et al. 2017; Cohen et al. 

2022; Salomon et al. 2013; Fridman et al. 2020). Thus, another feature that can help identify 

the role of the T6SS for the bacterial virulence are the effectors encoded within the gene locus 

like in Pseudomonas putida, where an antibacterial effector is encoded in the T6SS-K1 gene 

loci and the T6SS is found essential for interbacterial competition (Bernal et al. 2017). Building 

on the bioinformatic identification of four distinct T6SS clusters in P. luminescens, each system 

may contribute to specialized roles within the bacterium's lifecycle according to the encoded 

effectors. However, as no effectors are present in either T6SS-1 or T6SS-2 and no initial 
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function could be assigned, those systems were analysed whether they are constitutively 

expressed by whole-cell proteomics (Pisarz et al. 2024) (Chapter 2, Fig. 2.4, Tab. 2.1). 

Constitutive expression of the T6SS can give a competitive advantage over other bacteria and 

also eukaryotes as observed in V. cholerae (Unterweger et al. 2012). There, deletion of a T6SS 

gene abolished the killing of bacteria which could be restored after complementation and thus, 

the constitutive T6SS expression provides the V. cholerae cells with an enhanced survival in 

their environmental niche (Unterweger et al. 2012). Indeed, also in P. luminescens the T6SSs 

were found constitutively expressed in whole-cell proteomics, with multiple proteins of the 

T6SS-1, T6SS-3 and T6SS-4 detected in high protein levels in 1° WT cells (Pisarz et al. 2024); 

Chapter 2, Tab. 2.1, Tab 2.S2). In accordance, interbacterial competition assays showed, that 

P. luminescens 1° cells can outcompete E. coli cells and further, deletion of tssA2 resulted in 

a reduction of the killing capacity of P. luminescens (Chapter 2, Fig. 2.2B). Thus, a role of the 

T6SS-2 in interbacterial competition is most likely. Interestingly, the reduced killing was 

accompanied by an increase in the abundance of T6SS-1 proteins, pointing to a possible co-

regulation between the T6SS-1 and T6SS-2. However, no T6SS effector was detected in higher 

abundance along with a decreased killing capacity and therefore it is most likely that the T6SS-

1 is not crucial for interbacterial competition. Indeed, despite the increased presence of T6SS-

1 proteins, no significant change in bacterial competitive ability was observed when tssA1b 

was deleted, suggesting that the T6SS-1 is not involved in interbacterial competition. However, 

also external signals such as salt stress can initiate the assembly and activation of T6SSs, 

whereby different T6SSs can be regulated differentially in a single organism and thus, further 

conditions need to be investigated (Salomon et al. 2013).  

In Acinetobacter baumannii and Pseudomonas protegens it was observed that an impaired 

T6SS can reduce the bacterial virulence towards insect larvae like Galleria mellonella (Repizo 

et al. 2015; Vacheron et al. 2019). P. luminescens is a highly insect pathogenic bacterium and 

diverse mechanisms like PVCs or toxin-antitoxins were identified as crucial to maintain the 

pathogenicity (Yang et al. 2006; Ffrench-Constant et al. 2007). However, when analysing the 

insect pathogenicity of T6SS-1 and T6SS-2 deficient P. luminescens strains, no reduction in 
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insect pathogenicity was observed, thereby indicating those T6SSs are not crucial for the 

pathogenicity towards insect larvae (Pisarz et al. 2024); Fig. 2.S3). In contrary to those 

observations, diverse proteins related to virulence mechanisms like S-type pyocins, PVCs or 

T3SS were detected in higher abundance in the 1° tssA1b strain (Pisarz et al. 2024) Chapter 

2; Table 2.2). While the insect pathogenicity was not increased although those proteins were 

detected in higher abundance, these indicates the presence of a master regulator for different 

virulence mechanisms in P. luminescens including the T6SSs. In P. aeruginosa multiple master 

regulator were identified involved in the co-regulatory process of virulence factors like quorum 

sensing, T3SS and T6SS (Huang et al. 2019). However, subsequent studies are required to 

identify such a master regulator in P. luminescens. Identifying a potential master regulator in 

P. luminescens that coordinates various virulence mechanisms, including the T6SSs, could not 

only enhance the understanding of its complex pathogenicity network but also offer valuable 

targets for biotechnological and therapeutic applications, such as the development of precise 

antimicrobial interventions or bioengineering strategies for pest control. 

Besides interbacterial and interkingdom competition, the T6SS can be intricately connected to 

diverse phenotypic traits such as motility, proteolysis or biofilm formation (Li et al. 2020). 

Indeed, the comparative proteomics revealed a higher abundance of proteins required for 

bacterial motility, such as FliA (a transcriptional regulator for flagellar filament synthesis) in the 

T6SS-deficient P. luminescens strains (Liu und Matsumura 1994). Consequent motility assays 

showed increased motility of the T6SS-deficient P. luminescens strains, although the 1° cell 

form is reported as not motile (Eckstein et al. 2019; Pisarz et al. 2024); Chapter 2, Fig. 2.2C). 

However, a correlation between T6SS activity and motility has also been previously reported 

in Ralstonia solanacearum, where deletion of tssB reduced motility and led to a downregulation 

of genes required for motility (Zhang et al. 2014). In contrary, motility can be an escape 

mechanism for bacteria to encounter eukaryotic predators as previously described in V. 

cholerae (Wettstadt 2020). Thus, it could be demonstrated, that motility increases along with 

a higher abundance of proteins involved in motility, when the T6SS-1 or T6SS-2 is impaired, 

enabling the P. luminescens cells to outcompete competitors. In addition to motility, the 
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production of secondary metabolites is also part of bacteria's ability to increase their fitness, 

e.g. through the production of antibiotics (Joyce et al. 2011). In particular, P. luminescens 1° 

cells produce several secondary metabolites with antifungal activity such as anthraquinone 

and hydroxystilbene (Li et al. 1995). Interestingly, proteins of the anthraquinone metabolism 

were found in higher levels and indeed, a shift in the secondary metabolism of P. luminescens 

1° cells was observed upon T6SS-deficiency (Pisarz et al. 2024) Chapter 2, Tab. 2.2, Fig. 

2.2B). However, no correlation between secondary metabolism and T6SS activity was reported 

before, although it has been discussed that the secretion system may play a role in biocontrol 

agents to deliver antibacterial or antifungal compounds (Lucke et al. 2020). Overall, these 

findings highlight the connection between T6SS activity, bacterial motility, and secondary 

metabolite production, showing new mechanisms of adaptation and survival of P. luminescens 

in different environments. 

In conclusion, by performing comparative proteomics of P. luminescens 1° WT cells and 

respective T6SS-1 and T6SS-2 deficient strains, first insights into the role of the T6SSs in the 

insect pathogen P. luminescens were obtained. The data suggest a role of the T6SS-2 in 

interbacterial competition, whereas no clear role could be assigned to the T6SS-1 (Fig. 7.2). 

In addition, a correlation between the different fitness factors like T6SS, motility and secondary 

metabolism was observed along with increased abundance of PVC, T3SS and R-type pyocin 

proteins. However, the regulatory mechanism leading to the activity of different virulence and 

fitness factors remains unknown. Future investigations into the regulatory mechanisms 

between T6SSs, motility, and secondary metabolism in P. luminescens could provide deeper 

insights into its pathogenicity and fitness strategies, potentially uncovering novel 

biotechnological applications or targets for managing insect-borne diseases. 
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7.2 The novel structure and potential functionality of the T6SS-3 in 

P. luminescens 

Many bacteria harbouring T6SSs are characterize by multiple T6SS gene clusters, i.e., three 

clusters are found in P. aeruginosa, four in Yersinia pseudotuberculosis and six in Burkholderia 

pseudomallei (Filloux et al. 2008; Shalom et al. 2007; Zhang et al. 2021). While most T6SSs 

are not constitutively assembled but rather need environmental factors like marine conditions 

in V. cholerae, to trigger their expression and assembly; the external factors leading to 

expression and assembly of many T6SSs are still unknown (Salomon et al. 2013). The initial 

studies identified four T6SS gene clusters in P. luminescens DJC, but the absence of genes 

encoding core components in the T6SS-3 and T6SS-4 clusters initially suggested that these 

T6SSs were not functional (Pisarz et al. 2024); Chapter 2, Fig. 2.1). However, the comparative 

proteomics revealed multiple proteins in higher levels belonging to these T6SSs in the P. 

luminescens 1° cells under standard laboratory conditions, raising the question of whether 

these systems might be functional (Chapter 2, Tab. 2.1). 

To elucidate the role of the T6SS-3, in-depth analyses were performed to determine if 

homologous proteins of the missing core components are present in the T6SS-3 gene loci. 

Thereby three homologous for the missing core component TssM were identified with VasK1-

3 (Chapter 3; Fig. S3.2). Yet, the core components TssA, crucial to stabilize the T6SS during 

assembly and TssH, crucial for disassembly of the T6SS are still missing (Bernal et al. 2021; 

Kapitein et al. 2013). However, previous studies identified a new subfamily of T6SSs in 

Amoebophilues spp., were unlike in other T6SSs, TssH is missing along with the TssJLM 

complex, which is found in the membrane and was previously described to be essential for the 

T6SS (Böck et al. 2017; Durand et al. 2015). While the T6SS is a membrane bound complex 

in contrary to extracellular contractile injection systems like R-type pyocins or Afps, the T6SSVI 

subfamily found in Amoebophilus spp. is hypothesized to be evolutionary closer to eCIS 

systems mediating interactions with animal larvae (Böck et al. 2017). Further, the presence of 

multiple genes encoding for VgrG and T6SS effectors present in one T6SS gene loci was not 
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described before, thus questioning whether the T6SS-3 of P. luminescens represents a new 

subfamily of T6SSs, with a yet undescribed genetic structure (Chapter 3, Fig. 3.1 and 3.2).  

Unlike the T6SS-1 and T6SS-2, the gene loci of the T6SS-3 and T6SS-4 encode for multiple 

candidate effectors, thus providing first insights into the putative roles of those T6SSs. 

However, the three unknown effectors TmePl found in the T6SS-4 loci were found to not deploy 

antibacterial activity and thus, consequent studies were focused on the T6SS-3, encoding four 

effectors belonging to the lipase superfamily, namely Tle2 and Tle4 (Chapter 2, Fig. 2.1, S2 

and S3; Chapter 3, Fig. 3.1). Effectors of the lipase superfamily are often linked to antibacterial 

activities but are also found deploying anti-eukaryotic activity, as seen in Pseudomonas 

aeruginosa (Russell et al. 2013; Jiang et al. 2014; Jiang et al. 2016). Thus, the T6SS-3 could 

be involved in interbacterial or trans-kingdom interactions and indeed, the phospholipase 

Tle4A was found to deploy antibacterial activity and reduce bacterial growth (Chapter 3, Fig. 

3.6). In contrast, no antibacterial activity was observed for the other lipase effectors of the 

T6SS-3, although they share structural and domain similarity with known antibacterial T6SS 

effectors like Tle4 or TplE of P. aeruginosa (Chapter 3, Fig. 3.3, 3.4, 3.6; (Russell et al. 2013; 

Jiang et al. 2016; Jiang et al. 2014). Nevertheless, toxicity of the lipase effectors was tested 

upon overproduction in the cytoplasm which needs to be repeated upon periplasmic 

overproduction as the effectors target the membrane and cause membrane destruction 

(Russell et al. 2013). Indeed, Tle1 found in P. aeruginosa only showed toxicity upon 

overproduction in the periplasm rather than in the cytoplasm (Berni et al. 2019). However, 

given the antibacterial activity of Tle4A, it can be concluded that the T6SS-3 is involved in 

interbacterial competition. Yet, the antibacterial activities of other structurally similar effectors 

remain inconclusive and may require further testing to rule out whether those effectors also 

deploy antibacterial activity or in contrast, could play a role in trans-kingdom competition.  

Delivery of those effectors can occur through direct or indirect binding to the VgrG tip or the 

HcP tube. Effectors belonging to the lipase superfamily are commonly found to interact with 

VgrG through a specific C-terminal sequence which can also enable the VgrG protein to deploy 

antibacterial activity (Bondage et al. 2016; Flaugnatti et al. 2016; Lien und Lai 2017). The 
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presence of three genes encoding for VgrG’s in the T6SS-3 loci questioned, whether one of 

those VgrGs harbours such a C-terminal extension and thus, deploys antibacterial activity. 

Indeed, the VgrGs of the T6SS-3, VgrG6, VgrG7 and VgrG8, all harbour a C-terminal extension 

after the DUF2345 domain of 30 – 70 amino acids (Chapter 3, Fig. 3.2). However, toxicity 

assays revealed, that the VgrGs are not antibacterial and therefore it is most likely that the 

VgrGs are only involved in binding and delivery of the Tle effectors (Chapter 2, Fig. 3.7). 

Previously, a 1:1 stoichiometry for VgrG and Tle1 of E. coli has been reported, allowing the 

translocation of three Tle effectors from the cell to a target cell (Flaugnatti et al. 2020). Thereby, 

the N-terminal part of Tle1 directly binds to the C-terminal TTR-domain of VgrG without an 

additional adaptor or PAAR protein (Flaugnatti et al. 2020). The presence of a TTR domain in 

VgrG6 and VgrG8 thus indicates a similar effector binding and delivery mechanism, but no 

such domain was identified in VgrG7, indicating an adaptor protein is necessary for effector 

binding (Chapter 3, Fig. 3.2). Interestingly, bacterial two hybrid protein-protein interaction 

studies showed complex interaction patterns between the different Tle and VgrG proteins 

(Chapter 3, Fig. 3.5A). Moreover, it was shown that the VgrGs are not capable to interact with 

themselves but rather with other VgrGs, thereby indicating the VgrG tip of the T6SS-3 is build 

up as a heterotrimer, putatively able to deliver a lipase effector cocktail inside a target cell 

(Chapter 3, Fig. 3.5B). In addition to the three VgrGs, two adaptor proteins, Tla1 and Tla2, 

were identified that are homologous to Tla3, a cytoplasmic adaptor protein in P. aeruginosa 

(Berni et al. 2019). It was previously shown that Tla3 specifically interacts with the TTR domain 

and specifically binds Tle3 but not Tle4, thus supporting the transport of specified effector 

proteins (Berni et al. 2019). Given the presence of the two adaptor proteins and one PAAR 

protein in the T6SS-3, indirect binding of the different Tle-VgrG proteins which could not be 

identified by BACTH are therefore possible. In conclusion, the results suggest that although 

the VgrGs of the T6SS-3 do not possess antibacterial activity themselves, they could facilitate 

the binding and delivery of various lipase effectors, likely forming a heterotrimeric tip and 

interact with adaptor proteins to effectively translocate effector cocktails into target cells, which 

could be bacterial of eukaryotic host cells. This would represent a novel assembly of a T6SS 
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tip, which has not been reported before and could offer a novel tool for targeted delivery of 

multiple proteins. 

Although the bioinformatic and toxicity assays suggest that the T6SS-3 could be functional and 

is involved in interbacterial competition in P. luminescens, the question remained when the 

T6SS-3 plays a role in the bacteria’s lifestyle. Thus, expression of the T6SS-3 was analysed 

through fluorescence microscopy under various environmental stress factors, similar to the 

environment of P. luminescens is found in, as the activity of T6SSs can be influenced through 

the presence of competing bacteria, eukaryotic hosts or through environmental stress factors 

like changes in salt concentrations (Salomon et al. 2013). Indeed, in alignment with the 

observations of whole-cell proteomics, expression of the T6SS-3 was observed under standard 

laboratory conditions. Further, the results indicated that the T6SS-3 activates under acidic and 

alkaline conditions in the 2° cells, as well as in response to changes in salt concentration. The 

expression of the T6SS-3 under acidic, alkaline, and varying salt concentrations in the 2° cells 

found in the rhizosphere indicates that this system could be involved in the bacterium's ability 

to withstand challenging environmental conditions. Such activation implies that the T6SS-3 

enhances the bacterium's adaptability, allowing it to thrive and compete effectively in the 

dynamic and nutrient-variable rhizosphere. Also in Acinetobacter baumanii T6SS-dependent 

killing of bacterial cells under alkaline conditions was increased with enhanced activity of the 

effector Tse4 (Le et al. 2021). Although a reduction in T6SS-3 activity was observed in addition 

of PRE , based on the previously shown activity of the effector Tle4A against bacteria, it is very 

likely that the T6SS-3, similar to the T6SS-2, could be involved in P. luminescens 2° cells 

interbacterial competition. In contrary, a differential regulation of T6SS-3 was observed in the 

P. luminescens 1° cells with enhanced assembly at 37°C, under alkaline and under high salt 

concentrations (Chapter 3, Fig. 3.9). Thus, the T6SS-3 could be active and assembled in 1° 

cells during the infection of insect larvae as osmotic stress was previously described as a 

stress factor inside the insect larvae carcass (Crawford et al. 2010). In accordance to that, 

similarly to the effector PdlB in P. aeruginosa, a phospholipase effector crucial during infection 

of human epithelial cells, the phospholipase effectors Tle2 and Tle4 could play an important 
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role during the invasion of insect larvae (Jiang et al. 2014). However, those hypotheses are 

limited to preliminary results obtained from fluorescence microscopy and requires additional 

studies.  

In conclusion, several T6SS gene clusters have been identified in different bacteria, with 

different roles in different species. In P. luminescens DJC, besides the T6SS-2 also the T6SS-

3 appears to be involved in interbacterial competition, through the Tle4A effector, despite the 

absence of certain core components. The system is activated under different environmental 

conditions, such as acidic, alkaline and high salt concentrations, suggesting that it enhances 

the bacterium's adaptability in challenging environments such as the rhizosphere. However, 

further studies are needed to fully understand its assembly, the functional implications and 

regulatory mechanisms of T6SS-3 in P. luminescens. Thus, not only the contribution of the 

T6SS-3 to the bacterial environmental adaptability and interbacterial competition could be 

elucidated, but also new opportunities for biotechnological applications in fields such as 

agriculture and microbial ecology could be uncovered. 

7.3 Membrane-disrupting T6SS effectors and their role in 

antibacterial activity in P. luminescens 

The T6SS effectors exhibit a wide range of activities, including those associated with lipases, 

DNases, membrane pore formation and antifungal properties (Flaugnatti et al. 2016; Ma et al. 

2014; Fridman et al. 2020; Trunk et al. 2018). The class of membrane-disrupting effectors 

(Tme) was recently described in V. parahaemolyticus and is found in many bacteria belonging 

to the Proteobacterial class (Fridman et al. 2020). Those effectors deploy antibacterial activity, 

leading to a decrease in membrane potential and thus, to a disruption of the bacterial cell 

membrane (Fridman et al. 2020). Consecutive studies of the P. luminescens DJC genome 

identified two genes encoding for Tme-like effectors named Tme1A and Tme1B (Chapter 4, 

Fig. 4.1A). Initial studies of the P. luminescens effectors indicated that Tle4A exhibited 

antibacterial activity, whereas the TmePl, Tle2 and Tle4 effectors did not (Chapter 2, Fig. S3; 
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Chapter 3, Fig. 3.6). This led to the question of whether other effectors related to the T6SSs 

are employed as a weapon against bacterial cells in P. luminescens.  

Following the aim to identify antibacterial effectors, Tme1A and Tme1B were shown to deploy 

antibacterial activity upon cytoplasmic expression, whereas Tme1B exhibits stronger toxicity 

compared to Tme1A (Chapter 4, Fig. 4.3A). As Tme of V. parahaemolyticus led to loss of 

membrane potential similar to VasX of V. cholerae, a pore-forming colicin-like, time-lapse 

microscopy showed, that also Tme1A of P. luminescens leads to cell rounding by disruption of 

the cell membrane through pore formation (Fridman et al. 2020; Miyata et al. 2011; Miyata et 

al. 2013). Ssp6, a T6SS pore-forming effector found in Serratia marcescens was found to 

oligomerize to a pore and thus, impairing the integrity of the outer membrane (Mariano et al. 

2019). Thus, self-interaction of Tme1A was tested in in silico analysis and confirmed via 

BACTH assays, supporting the hypothesis of the assembly of Tme1 to a multimeric pore in a 

targeted membrane (Chapter 4, Fig. 4.1E and 4.1F). Further, protein structure predictions of 

multimeric Tme1A and Tme1B indicated the formation of an inner lumen similar to the 

formation of a pore (Chapter 4, Fig. 4.1E). However, further biochemical studies need to be 

performed to confirm the mode of action and pore assembly. In conclusion, Tme1A and Tme1B, 

two antibacterial effectors of P. luminescens were identified and their putative mode of action 

was elucidated. Further, through oligomerization in the target cell wall, these effectors are 

hypothesized to form a pore.  

Previously it was shown, that the toxicity of the class of Tme effectors can be neutralized 

through the cognate immunity protein Tmi, commonly found encoded downstream of Tme 

(Fridman et al. 2020). Aiming to understand the effectors Tme1A and Tme1B, the cognate 

immunity proteins were analysed and found to neutralize cognate and non-cognate Tme1A 

and Tme1B, unlike the Tme-Tmi pairs of V. parahaemolyticus, where no cross-neutralization 

was observed family (Chapter 4, Fig. 4.1A, 3C and 3D) (Fridman et al. 2020). Consequent 

bioinformatic analyses of Tmi proteins found in diverse Gram-negative bacteria identified a 

conserved motif in the C-terminal loop of the Tmi proteins. Suggested through prediction of the 

protein-interaction structures, the Tmi1 proteins most likely inhibit the formation of a pore by 
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Tme1 through the interaction of C-terminal loop with the α-3 and α-4 helices of Tme1. Indeed, 

absence of the C-terminal loop in Tmi1A abolished the neutralization of Tme1A and therefore, 

supports this hypothesis (Chapter 4, Fig. 4.4). Also in P. aeruginosa, a similar interaction 

pattern of the effector pairs Tle4-Tli4 and Tse3-Tli3 was observed to neutralize the toxic 

effectors (Lu et al. 2014a; Lu et al. 2014b). Concluding, the C-terminal loop of T6SS immunity 

proteins is essential to provide neutralization of T6SS effectors in P. aeruginosa as well as in 

P. luminescens.  

Both effectors contain the conserved Tme motif, but lack additional domains such as a MIX or 

PAAR, which have been previously identified in the Tme effector family (Fridman et al. 2020). 

In a DNase effector found in V. parahaemolyticus the MIX domain is crucial for binding to the 

T6SS and secretion of the effector into a target cell (Fridman et al. 2022). Thus, here it was 

tested whether Tme1A can interact with HcP3, found encoded in the genomic neighbourhood 

(Chapter 4, Fig. 4.2). However, while no such interaction was observed, Tme1A and Tme1B 

interacted with various HcP’s found encoded in the genome of P. luminescens DJC, thus 

indicating that the Tme effectors are transported by the T6SS along the HcP tube. In P. 

aeruginosa, Tse1-4 interact with HcP1 but not with HcP2 or HcP3, indicating specific HcP-

effector interactions (Howard et al. 2021). The inner lumen of the HcP tube, with a diameter of 

approximately 40 Å, restricts the size of the toxin, yet the molecular weights of Tme1A and 

Tme1B (26-32 kDa) support the hypothesis that they are transported through the Hcp tube 

(Mougous et al. 2006).  

In summary, Tme1A and Tme1B represent novel antibacterial effectors in P. luminescens that 

disrupt bacterial membranes through pore formation, highlighting their potential role in 

interbacterial competition (Fig. 7.1). Their neutralization by cognate Tmi immunity proteins, 

mediated via a conserved C-terminal loop, underscores a finely tuned effector-immunity 

interplay. Given their antibacterial properties, these effectors hold promise for biotechnological 

applications, such as the development of novel antimicrobial agents or therapeutic strategies 

against resistant bacterial pathogens. 
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Fig 7.1. Model of the effector-immunity pair Tme1-Tmi1 in P. luminescens. The effector Tme1 

is secreted into a target cell via the Type VI Secretion System. Thereby, activity of the respective 

promoter region leads to a co-production of the Tme1-Tmi1 pair, whereas the immunity protein binds to 

the effector via the C-terminal loop. Tme1 is then loaded into the HcP tube, ready for delivery into a 

target cell. The immunity proteins putatively remain in the cell to protect itself against intoxication. Once 

inside the target cell, Tme1 starts to form a pore in the bacterial membrane, leading to cell death of the 

target cell. A following counterattack by the target cell could in turn lead to reactivation of the T6SS and 

production of the Tme1 protein. 

 

Initial studies showed that the T6SS effectors Tme1A and Tme1B are toxic to bacterial cells. 

However, no role in the lifestyle of P. luminescens could be assigned. Therefore, the goal was 

to identify their function in bacterial fitness. Through luminescence-based reporter assays 

performed in P. luminescens ∆lux strains, the basal activity of the tme1A promoter was 

detected in both 1° and 2° cells, although the promoter activity was significantly reduced in the 

2° cells. In contrast, no activity of the tme1B promoter was observed, indicating that the two 

effectors have different roles in the life cycle of P. luminescens (Chapter 4, Fig. 4.5A). 

Moreover, the peak in promoter activity was observed during the exponential growth phase, 

which agrees with the killing capacity observed in interbacterial competition assays. Thus, it 
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could be demonstrated that the killing capacity of P. luminescens 1° cells is decreased lacking 

tme1A, whereas an increase of the killing capacity was observed in the 2° cells lacking tme1A 

(Chapter 4, Fig. 4.5). However, only a change of the killing capacity was observed against 

Klebsiella pneumoniae but not against E. coli, a T6SS-negative strain. A similar pattern was 

observed for P. aeruginosa, where T6SS-dependent killing was observed as a “T6SS duelling”, 

thus resulting in T6SS activity when competing against other bacteria with a T6SS (Basler et 

al. 2013). Furthermore, different killing behaviours were observed in the P. luminescens 1° and 

2° cell forms, suggesting that the T6SS is regulated differently depending on the phenotype. 

In summary, this thesis reveals that Tme1A and Tme1B have distinct roles in P. luminescens, 

with Tme1A contributing to interbacterial competition and differential killing capacity in 1° and 

2° cells. Further, the results show that the immunity proteins Tmi1 can neutralize the Tme1 

effectors through a motif in the C-terminal loop, most likely providing self-protection to the P. 

luminescens cells. The data further suggest that the Tme1 proteins could bind to the HcP tube 

of the T6SS, however it could not be determined through which T6SS the effectors are 

delivered. 

Taken together, the T6SS-2 and T6SS-3 of P. luminescens DJC are involved in interbacterial 

competition, putatively secreting the antibacterial effectors Tme1A, Tme1B and Tle4A. The 

broad diversity of T6SS gene loci along with multiple T6SS effectors suggest a central role of 

these systems in the P. luminescens’s fitness to compete and survive in its ecological niche. 

Although none of the T6SSs was found to play a role in insect pathogenicity, the novel structure 

of the T6SS-3 with multiple lipases suggests a role of this secretion system towards the insect 

larvae. Further, the data suggest a master regulator that co-regulates different fitness factors 

like the T6SSs, PVCs, motility but also the secondary metabolism which has not been 

described before in other bacteria. However, the complexity of this system and its mechanisms 

require further analysis to rule out the specific roles of the different T6SSs in the lifecycle of P. 

luminescens. Yet, these findings provide valuable insights into the complex molecular 

mechanisms that govern bacterial competition and survival, which could have significant 
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implications for biotechnological applications, including the development of novel antimicrobial 

agents or strategies for controlling bacterial infections in agriculture or clinical settings. 

 

 

 

Fig. 7.2: Role of the different T6SSs in the life cycle of P. luminescens. The T6SS-2 and T6SS-

3 are involved in interbacterial competition, yet it is still unclear which effectors are delivered via those 

two systems. Tme1A, Tme1B and Tle4A were shown to be antibacterial, whereas Tme1 disrupts the 

membrane of Gram-negative bacteria. Yet, no involvement of the T6SSs were observed for plant root 

colonization or plant protection. The T6SS-1 and T6SS-2 were shown to not play a role in insect 

pathogenicity. Thus, it is hypothesized that the trimeric tip of the T6SS-3 carrying a lipase effector 

cocktail is involved in killing of insect larvae. Moreover, the T6SSs in P. luminescens correlates with the 

secondary metabolism, leading to increased production of anthraquinone. 

 

7.4 Role of bioluminescence for the P. luminescens biology  

Our data show, that the T6SS gene clusters in P. luminescens play a vital role in the bacterium's 

fitness, facilitating interbacterial competition and enabling environmental adaptation. These 

systems enable P. luminescens to effectively compete with other microorganisms and thrive in 
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diverse conditions, thereby contributing to its overall survival and bacterial fitness. In addition 

to these mechanisms, P. luminescens exhibits bioluminescence. While bioluminescence is a 

phenomena which has gained a lot of interest by researchers, it is nowadays mainly used to 

perform luminescence-based assays, which offer a sensitive approach to study gene 

expression in various bacteria through the introduction of the luxCDABE gene operon (Winson 

et al. 1998; Gregor et al. 2018). However, due to the bioluminescence of P. luminescens, only 

fluorescence-based reporter assays could be performed so far (Münch et al. 2008). Yet, the 

application of fluorescence-based reporter assays in bacteria producing secondary 

metabolites is limited due to a high background signal derived from auto-fluorescent secondary 

metabolites, resulting in false positive or false negative signals (Winson et al. 1998). Indeed, 

also in P. luminescens 1° and 2° cells high auto-fluorescence was observed, with strong 

variation in signal strength dependent on the cultivation media (Chapter 5, Fig. 5.4). 

The objective of this study was to ascertain the circumstances under which the various T6SSs 

and effectors were involved. To this end, several techniques were employed, including whole-

cell proteomics, interbacterial competition assays with deletion mutants and fluorescence 

microscopy. Thus, to facilitate a more streamlined investigation, reporter assays based on 

luminescence should be established in P. luminescens. For this purpose, the luxCDABE 

operon was deleted in P. luminescens and following reintroduced via a reporter plasmid to 

enable the use of luminescence-based reporter assays (Chapter 5, Fig. 5.5). Thus, to 

establish the functionality of this new reporter strain and assay, different previously 

fluorescens-based reporter promoters were re-studied in this analysis to confirm the new 

reporter platform (Brameyer et al. 2014, 2015; Heinrich et al. 2016). The new reporter system 

was able to confirm the promoter activity of previously analysed genes; for example, the 

promoter of ftsQ, crucial for cell division during bacterial growth, was observed to exhibit similar 

activity levels in both the 1° and 2° cells, as expected (Chapter 5, Fig. 5.5). In conclusion, the 

successful implementation of luminescence-based reporter assays in lux-deficient strains of P. 

luminescens has provided a powerful tool for studying gene expression and cellular processes. 

This advancement not only overcomes the limitations associated with fluorescence-based 
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assays but also enhances our ability to investigate the intricate biological functions and 

regulatory mechanisms in this bioluminescent bacterium.  

Building upon the successful establishment of luminescence-based reporter assays in P. 

luminescens, it is essential to further explore the role of bioluminescence itself in this organism. 

While bioluminescence is well-documented, its critical importance for the bacterium's 

interaction with its environment, putatively influencing its symbiotic relationship with 

nematodes and its pathogenicity towards insect larvae is not fully elucidated (Winson et al. 

1998; Welham und Stekel 2009). Although bioluminescence is an energy intense process in 

bacterial cells and can consume up to 20% of the cell’s energy, no change in bacterial growth 

were observed upon absence of bioluminescence (Ziegler und Baldwin 1981). Thus, it can be 

concluded that the lack of bioluminescence has no influence on bacterial growth under 

standard laboratory conditions, which in term allows the use of luminescence-based reporter 

assay in the lux-deficient strains. Additional stress tests performed of the P. luminescens 1° 

and 2° lux-deficient strains revealed no impact of temperature, salt or sugar stress (Chapter 

5, Fig. 5.2A). However, under oxidative stress induced with 3% H2O2, the 2° lux-deficient strain 

showed a reduction in bacterial cell growth and was impaired in colony formation, thereby 

highlighting the biological role of bioluminescence in oxidative stress adaptation in the 2° cell 

form. Indeed, the enzymatic reaction of LuxAB, that catalyses the oxidation of reduced flavin, 

occurs under the consumption of O2 (Welham und Stekel 2009). Thus, the production of 

bioluminescence can protect the cells against oxidative stress of reactive oxygen species, 

likewise in the haemolymph of insect larvae, where highly oxidative conditions are present 

(Welham und Stekel 2009; Rees et al. 1998). Nevertheless, cell death of P. luminescens 2°∆lux 

cells occurred only at high hydroperoxide concentrations, similarly to Vibrio harveyi luxA and 

luxB strains, thus indicating that bioluminescence aids in adapting to oxidative stress but is not 

essential for survival (Szpilewska et al. 2003). Further analysis revealed that lack of 

bioluminescence does not influence proteolytic activity but significantly influences haemolytic 

activity, increasing in the 2° cell form but decreasing in the 1° cell form (Chapter 5, Fig. 5.2B 

and 5.2C). Putatively, the reduced energy consumption in the 2° cells is redirected to other 
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processes like haemolysis. Moreover, an increase of 2° cells found in the surroundings of plant 

roots was observed, implying benefits from the absence of bioluminescence (Chapter 5, Fig. 

5.3C). Dark mutants like the ∆lux strains could have an evolutionary advantage as it was 

concluded in previous studies, stating that the lack of bioluminescence reduces the energy 

costs of bacteria and thereby the dark mutants can outcompete luminescent strains (Kenyan 

und Hastings 1961; Stabb 2005). In contrary, other studies concluded that dark mutants are 

rather rare and thus, don’t bring an evolutionary advantage in opposite to the luminescent 

strains (O'Grady und Wimpee 2008). However, in P. luminescens strain DJC both conclusions 

were observed as the absence of bioluminescence affects the P. luminescens fitness 

differently depending on the cell form. While the 1° strain rather showed impaired interactions 

with eukaryotic hosts, such as reduced insect pathogenicity and decreased reproduction of 

infective juveniles, the 2° cell form benefits indicated by increased colonization of plant roots 

(Chapter 5, Fig. 5.3). Thus, it is most likely that the bioluminescence enhances the interactions 

of 1° cells with their eukaryotic hosts, although it is not essential. Putatively, the lack of 

bioluminescence reduces the capability of the 1° cell form to withstand the oxidative stress in 

the insect larvae (Waterfield et al. 2009). Furthermore, the availability of reactive oxygen 

species could be crucial for the insect larvae defence mechanisms (Waterfield et al. 2009). 

Thus, the lack of luciferase activity along with the increased concentration of reactive hydrogen 

species could aid the insect larvae to protect itself against the invading P. luminescens cells. 

In conclusion, these data highlight the complex role of bioluminescence in P. luminescens, 

demonstrating its importance in oxidative stress adaptation and interaction with eukaryotic 

hosts in the primary cell form, while the secondary cell form benefits from the absence of 

bioluminescence, observed by increased plant root colonization and energy redirection to other 

processes such as haemolysis (Fig. 7.3). These insights provide new information on the 

differential impact of bioluminescence on the fitness of primary and secondary cell forms. 
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Fig. 7.3: The physiological role of bioluminescence in P. luminescens. The bioluminescence is 

not important for Photorhabdus-nematode symbiosis and nematodes development as well as to 

overcome the temperature stress. In contrary, bioluminescence is important to increase the P. 

luminescens 2° cells capacity to tolerate high concentrations of H2O2. Further, the bioluminescence 

seems to be important for insect pathogenicity although the lack of bioluminescence enhances the 

capability to colonize plant roots. 

 

7.5 T6SS gene clusters in Pseudomonas asiatica: Ecological and 

applied perspectives 

The T6SS in Photorhabdus luminescens plays a critical role in microbial interactions and 

competitive dynamics. Following detailed characterization of the T6SS, especially the T6SS-3 

cluster with its range of diverse effectors, this study extends the analysis to Pseudomonas 

asiatica, a newly identified subspecies capable of degrading carboxymethyllysine (CML) and 

carboxyethyllysine (CEL). P. asiatica and P. luminescens occupy similar ecological niches, 

including the rhizosphere and the haemocoel of insect larvae, providing a relevant comparative 
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framework for understanding T6SS functions in overlapping environments (Mehler et al. 2022); 

Chapter 6). 

The study of Pseudomonas asiatica is motivated by extensive research on Pseudomonas 

species, where T6SS functions have been observed to support various ecological and 

competitive roles (Bernal et al. 2017; Berni et al. 2019). For example, Pseudomonas 

aeruginosa employs T6SS to deploy toxins like VgrG2b, inducing membrane disruption in 

target cells, thereby enhancing its competitive edge and virulence (Sana et al. 2015). Similarly, 

P. putida utilizes T6SS mechanisms to enhance its ecological fitness, including in plant-

associated environments, where it contributes to plant protection against pathogens (Bernal et 

al. 2017). Thus, Pseudomonas asiatica presents a unique model for studying potentially novel 

T6SS adaptations and interactions within microbial communities. 

Genomic analysis of Pseudomonas asiatica has identified three distinct T6SS gene clusters, 

each encoding a complete T6SS (Fig. 7.4). This diversity in T6SS clusters suggests a complex 

capacity for interbacterial interactions and raises questions about the roles of specific effectors 

within these systems. T6SS-mediated secretion of antibacterial or antifungal effectors can be 

instrumental in enabling bacteria to compete with other microorganisms in shared 

environments, particularly in the rhizosphere. Investigating T6SS activity in P. asiatica thus 

provides an opportunity to examine whether it employs similar strategies to other 

Pseudomonas species and Photorhabdus or has evolved distinct mechanisms of microbial 

competition and survival. Preliminary findings in P. asiatica identified T6SS-associated effector-

immunity pairs, including the known Tle effector from T6SS-3.  
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Fig. 7.4: Overview of the genomic organisation of the T6SS-1, T6SS-2 and T6SS-3 of 
Pseudomonas asiatica subsp. bavariensis JM1. T6SS effectors are shown in dark blue and 

corresponding immunity proteins are shown in light blue, tip proteins are shown in dark green, adaptor 

proteins are shown in light green and core components are shown in grey.  

 

In summary, examining the T6SS of Pseudomonas asiatica enhances understanding of 

bacterial competition and adaptation strategies and aligns with the broader knowledge of T6SS 

roles across Pseudomonas species. Further investigation into the specific functions of T6SS 

in P. asiatica will be essential for understanding its potential applications in biotechnology, 

thereby advancing the central theme of this thesis on the significance of T6SS in microbial 

interactions and ecological adaptation. 
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7.6 The biotechnological potential of the T6SSs 

Unlike conventional methods, biotechnology provides targeted, environmentally friendly 

approaches to minimize the effects of conventional approaches (Rathore und Singh 2022). 

One such approach is the use of microorganisms in environmental remediation, where their 

genetic manipulation can enable the degradation of pollutants (Tripathi et al. 2015). However, 

microbial competition in bioremediation can reduce efficiency, highlighting the importance of 

understanding mechanisms that control microbial interactions (Hays et al. 2015). 

In this context, T6SSs offer a powerful tool for improving microbial competitiveness. By 

secreting antimicrobial effectors, T6SSs help bacteria outcompete rivals, making them useful 

for biotechnological applications. Similar to the Type I Secretion System (T1SS), which has 

been used for heterologous protein secretion and vaccine development, T6SSs can also be 

engineered to deliver therapeutic proteins or enzymes that target environmental toxins or 

promote plant growth, enhancing sustainability in agriculture (Burdette et al. 2018).  

By employing these systems, the field of biotechnology can facilitate the development of novel 

approaches to address environmental challenges and improve human health. In light of this, 

microorganisms belonging to the Photorhabdus genus represent valuable models to study 

such competitive mechanisms. 

7.7 Outlook 

This work establishes initial insights into the T6SS functions in the insect pathogen 

Photorhabdus luminescens DJC, shedding light on their potential roles in bacterial competition 

and host interactions. While T6SS-2 and T6SS-3 demonstrate involvement in interbacterial 

competition, key questions remain regarding the roles of T6SS-1 and T6SS-4, particularly in 

the contexts of insect pathogenicity and root colonization. Future research should further 

investigate these systems' functionality through targeted fluorescence-tagging of TssC 

subunits, enabling visualization of T6SS activity in situ within various hosts. Host colonization 

assays, coupled with real-time fluorescence tracking, could provide insights into whether 
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specific T6SS clusters are involved in plant protection against pathogens or insect infection, 

both critical for defining T6SS roles in symbiotic and pathogenic phases. 

Given that T6SSs are now recognized not only for their role in microbial competition but also 

as potential molecular delivery tools, there is an opportunity to explore their applications in 

biotechnology. The capacity of T6SSs to target and inject specific effectors into diverse cell 

types offers a promising route for developing cell-specific therapeutic delivery systems, 

potentially targeting pathogens or cancer cells in human health contexts. For example, effector 

protein engineering could allow the reprogramming of these systems to selectively inject 

therapeutic agents into target cells, an approach that could be transformative for precision 

medicine. Additionally, exploring the regulatory mechanisms of T6SS-3 activation under 

environmental stresses in P. luminescens opens doors to optimizing these systems for robust 

therapeutic applications that adapt dynamically to varying cellular conditions. 

From a molecular perspective, further biochemical studies to elucidate the precise 

mechanisms of effector-VgrG binding and delivery would provide a foundation for these 

biotechnological applications. Protein interaction studies, such as bacterial two-hybrid assays, 

pull-down or high-throughput protein binding screens, could delineate T6SSs’ delivery 

pathways. Understanding effector interaction motifs, such as the conserved loop and helix 

interactions seen in immunity proteins of P. luminescens, could lead to synthetic engineering 

of tailored effector delivery systems. Broadening the focus to include comparative genomic 

studies across Photorhabdus species could help identify conserved motifs that may inform 

more efficient effector design for cross-species applications.  

On a larger ecological scale, T6SS-mediated interactions with environmental microbiota in the 

rhizosphere or insect gut microbiomes could be studied through metagenomic and microbiome 

profiling. Analyzing the influence of T6SSs on microbial community dynamics will enrich the 

understanding of these systems' ecological relevance, potentially allowing P. luminescens to 

be harnessed for agricultural biocontrol applications. Additionally, exploring the host immune 

responses to P. luminescens T6SSs in insect models may reveal novel immune-modulatory 

strategies that further expand the scope of T6SSs as tools for biotechnology. 
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Finally, the bioluminescent characteristics of P. luminescens might play a functional role in 

these systems, particularly under oxidative stress. Future studies, including transcriptome 

analysis of lux operon mutants under stress, may uncover new pathways of T6SS regulation 

and open avenues for utilizing bioluminescence as a reporter system within therapeutic 

delivery platforms. This integrative approach could ultimately extend the utility of T6SSs far 

beyond bacterial competition, positioning them as valuable assets in precision agriculture, 

therapeutic delivery, and ecological studies. 
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