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SUMMARY 

Subcellular organization is important for bacterial cell physiology. Especially, 

bacterial secretion systems are tightly regulated in a temporal and spatial manner to 

efficiently fulfill their function. Among them, the contact-dependent Type VI 

secretion (T6SS) has an important role in inter-bacterial competitions and 

pathogenicity of Gram-negative bacteria.  

T6SS translocates effector proteins into target cells using the contraction of a long 

cytosolic sheath, which pushes an inner tube together with a sharp tip and associated 

effectors across target cell membranes. This mode of action allows bacteria to use 

T6SS against a broad range of prokaryotic and eukaryotic organisms. However, the 

contact-dependency limits the target range and the efficiency of effector translocation 

is low because only a small number of effectors can be delivered per one round of 

T6SS assembly. 

Recent advances in live-cell fluorescence and super resolution microscopy led to the 

revelation that T6SS activation patterns and dynamics are surprisingly diverse in 

different bacteria. These differences in T6SS assembly dynamics likely reflect 

different strategies to overcome the disadvantages of T6SS mode of action. However, 

the spatio-temporal regulation behind these different T6SS firing patterns are not 

well understood. 

My PhD thesis provides new insights into how different subcellular localizations of 

T6SS assembly are achieved.  

The Threonine phosphorylation pathway (TPP) is a unique posttranslational 

regulation mechanism, which allows Pseudomonas aeruginosa to activate its T6SS 

apparatus in response to membrane damage inflicted by an attack from neighboring 

bacteria and to localize it to the site of attack. While the involved components are 

identified, it is not clear how the periplasmic sensor module integrates spatial and 

temporal information for precise and fast T6SS assembly initiation. To test if 

relocation of TPP components from outer to inner membrane (IM) is important for 
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T6SS activation, I changed their subcellular localization by mutating their N-terminal 

signal sequences. Relocation of one TPP component to IM indeed hyper-activated 

T6SS assembly, however, the exact mechanism of T6SS localization remains to be 

elucidated. 

In collaboration with Prof. Kevin Foster, University of Oxford, we tested the benefit 

and cost of TPP-dependent localization of T6SS during bacterial competitions. Our 

results from in silico and imaging experiments suggested that P. aeruginosa uses TPP 

to kill competing bacteria by localized and repeated T6SS assemblies and thus 

inflicting more damage than it encounters from attacking competitors. 

In collaboration with Prof. Petr Broz, University of Lausanne, we characterized the 

unique Francisella pathogenicity island (FPI), which encodes a non-canonical T6SS 

essential for phagosomal escape. The FPI lacks a specialized unfoldase required for 

recycling of contracted sheaths and for dynamics of canonical T6SS. Furthermore, 

the FPI encodes genes with unknown function. By live-cell fluorescence microscopy, 

we showed that F. novicida T6SS dynamics is comparable to canonical T6SS 

dynamics. Moreover, we found that general-purpose unfoldase ClpB recycles 

contracted sheaths and is essential for phagosomal escape in vivo. By analyzing T6SS 

dynamics and virulence of single deletion mutants in vitro and in vivo, we could 

group FPI components with unknown function into structural components, which are 

required for T6SS function, and putative effectors, which are critical for virulence 

but not for T6SS assembly.  

Moreover, we showed that F. novicida T6SS assembles exclusively at bacterial poles. 

This unique polar localization raised the question of how Francisella T6SS is 

localized to the poles and whether it is important for T6SS function. I analyzed the 

dynamics of membrane complex formation, which is the first step of T6SS assembly, 

by live-cell fluorescence microscopy and structured illumination microscopy. I 

showed that the membrane complex is stably formed on the poles even in the absence 

of other FPI components. In addition, the membrane complex formation was 

insufficient to initiate sheath assembly indicating that additional signals are required 

to activate T6SS in F. novicida. 

To investigate the contribution of FPI components and localization of T6SS to 

Francisella virulence in more detail, I established Galleria mellonella larvae as 
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infection model. Besides, I constructed two expression plasmids for F. novicida, 

which are mobilized by conjugation and have tetracyline inducible promoters for 

tunable gene expression. These new tools will be invaluable in the future research of 

mechanism required for F. novicida pathogenesis. 
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Type VI secretion system and the two studied model organisms Pseudomonas 

aeruginosa and Francisella novicida. The result section contains my work on the 

threonine phosphorylation pathway in P. aeruginosa and a manuscript in preparation 

about the costs and benefits of the spatio-temporal regulation of the T6SS in P. 

aeruginosa. Then a published research article characterizing the unique T6SS in F. 

novicida follows. A manuscript in preparation analyzing subcellular localization 

dynamics of Francisella T6SS membrane complex as well as additional results for 

establishing Galleria mellonella as infection model for Francisella T6SS research 

are included. Last, a published research article describing a newly designed 

expression plasmid for F. novicida follows. The appendix contains a published 
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review with recent insights in T6SS structure and in how certain bacteria regulate 

T6SS localization. To finish, I discuss my findings from the result section and give 

an outlook about limitations and possibilities to study bacterial subcellular 

localization in future. 
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1. Subcellular organization in bacteria

Life requires organization in order to create the necessary environment to perform all 

biochemical reactions for growth and replication. The most basic way to organize a 

confined space is to separate it from the abiotic environment. Thus, the cytosol of 

every cell is surrounded by at least one biological membrane. It is commonly 

accepted that eukaryotic cells are highly spatially as well as temporally organized 

and compartmentalized. In contrast, prokaryotes to whom bacteria belong, were 

previously defined by the lack of a nucleus and thus compartmentalization (Woese 

et al., 1990). The average bacterial cytosol has a volume of 0.7 µm3 and is therefore 

very limited in space (Kubitschek, 1990). Yet it contains everything which is required 

for successful propagation in diverse niches. Therefore, it is not surprising that 

bacterial cells are also highly organized in a temporal and spatial manner although 

the appreciation of this fact came only recently (Surovtsev and Jacobs-Wagner, 

2018). Technical advances in electron microscopy and light based microscopy reveal 

much higher intracellular organization in prokaryotes than appreciated before 

(Cornejo et al., 2014; Glaeser, 2019; Schermelleh et al., 2019; Surovtsev and Jacobs-

Wagner, 2018). 

The most striking compartmentalization feature of bacteria is their cell envelope. 

Gram-positive bacteria are enclosed by one membrane while Gram-negative bacteria 

possess two membranes. (Gupta, 1998). In both cases, they possess a rigid cell wall 

made of a peptidoglycan layer, a meshwork of glycan strands cross-linked by 

peptides, surrounding the cytoplasmic or inner membrane (IM) (Typas et al., 2011). 

The outer membrane (OM) and IM of Gram-negative bacteria also create an 

additional compartment called periplasm. Furthermore, the surface of Gram-negative 

bacteria is covered by lipopolysaccharide (LPS) anchored to the OM by Lipid A, 

which acts as a barrier to small hydrophobic and hydrophilic molecules (Ruiz et al., 

2009).  

The cell wall is also responsible for the diverse shapes of bacteria, which can range 

from coccus to rod shaped including more sophisticated shapes like spirals, 

filaments, curved, Y-shaped or star formed bacteria (Young, 2006). The bacterial cell 

shape defines not only the surface to volume ratio, which has implications in nutrient 

acquisition, motility and niche colonization, but is also an important feature to 
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organize a cell (Surovtsev and Jacobs-Wagner, 2018; Young, 2006). Defined cellular 

compartments as consequence of the cell shape include prosthecae; thin appendages 

which contain little cytoplasm (e.g. stalk of Caulobacter crecentus) or specialized 

nitrogen fixing cells in filamentous Cyanobacteria (Rossetti et al., 2010). The most 

prominent compartment in rod-shaped bacteria are the poles. In chapter 1.6., the polar 

compartment including mechanisms to localize proteins to poles will be discussed in 

more detail. 

1.1. Crossing the cell envelope 

While the cell envelope is necessary to define the intracellular milieu and may protect 

the bacterial cell from environmental influences, it also restricts bacteria in the 

interaction with the extracellular environment. In order to scavenge nutrients, 

communicate or compete, bacteria possess highly regulated channels, porins and 

secretion systems to bridge the cell envelope (Costa et al., 2015; Lasica et al., 2017; 

Nikaido, 2003; van Wely et al., 2001). The most prominent pathways to secrete 

unfolded or folded proteins to periplasm are the general secretory (Sec-) and Twin-

arginine (Tat-) pathways, respectively (Palmer and Berks, 2012; Tsirigotaki et al., 

2017). Proteins secreted by these two pathways encode specific peptides for 

secretion. The essential Sec-Pathway recognizes a N-terminal positively charged 

signal sequence which is cleaved by a signal peptidase in periplasm (Tsirigotaki et 

al., 2017). Tat-pathway targeting is mediated by a N-terminal signal sequence, which 

contains a twin arginine motif (Palmer and Berks, 2012). 

Figure 1: Summary of known bacterial secretion systems. T1SS, T3SS, T4SS and T6SS translocate their cargo in one step 

while T2SS, T5SS, T7SS, T8SS and T9SS require Sec- or Tat-pathway. Source: Bocian-Ostrzycka et al., 2017, licensed under 

Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
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In addition, nine specialized secretion systems are characterized so far (Type I-IX, 

figure 1) (Abdallah et al., 2007; Costa et al., 2015; Desvaux et al., 2009; Lasica et 

al., 2017; van Wely et al., 2001). The secretion systems differ in substrate recognition 

and type of substrate (unfolded/folded proteins and/or deoxyribonucleic acid (DNA)) 

(Costa et al., 2015). In Gram-negative bacteria, most secretion systems span across 

both IM and OM (Type I (T1SS), Type II (T2SS), Type III (T3SS), Type IV (T4SS) 

and Type VI (T6SS)). Type V (T5SS), Type VIII (T8SS) and Type IX (T9SS) 

secretion systems translocate their substrates across the OM after they are transported 

into periplasm via Sec- or Tat-pathway (Costa et al., 2015; Desvaux et al., 2009; 

Lasica et al., 2017). Type VII secretion systems (T7SS) are exclusively found in 

Gram-positive bacteria, especially in Mycobacteria (Abdallah et al., 2007). One 

particular secretion system, the T6SS will be discussed in more detail in chapter 2. 

1.2. Periplasmic organization 

The periplasmic space in Gram-negative bacteria includes the peptidoglycan layer 

and is defined by its oxidizing environment and lack of adenosine triphosphate (ATP) 

(Merdanovic et al., 2011). It is used to compartmentalize and sequester potentially 

harmful enzymes such as alkaline phosphatase (Silhavy et al., 2010). Many 

periplasmic proteins are lipoproteins which are anchored to either the IM or OM by 

a lipid moiety. Lipoproteins are transported to periplasm by the Sec-pathway, then a 

localization of lipoprotein (Lol) machinery localizes lipoproteins to their final 

destinations (figure 2) (Okuda and Tokuda, 2011). In Escherichia coli, membrane 

specificity is given by the second and third amino acid and after the cleavage site of 

the signal peptide for Sec-pathway dependent transport (Gennity and Inouye, 1991; 

Seydel et al., 1999). Especially, an aspartate at the second position after the cleavage 

site yields in IM localization in E. coli (Okuda and Tokuda, 2011). However, the 

specific IM retention signal may differ in different species. In Pseudomonas 

aeruginosa, the multidrug efflux pump component MexA sits in the IM facing 

periplasm but has a glycine at the second positions after the cleavage site. In addition, 

membrane specificity in P. aeruginosa is rather determined by position 3 and 4 

(Narita and Tokuda, 2007).  
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Figure 2: Overview of lipoprotein sorting. The Lol complex localizes lipoproteins to their final destination. Source: Adapted 

from Okuda and Tokuda, 2011. Reproduced with permission of Annual Reviews in the format Thesis/Dissertation via Copyright 

Clearance Center. 

Periplasm also harbors many signaling cascades transducing information from the 

OM to the cytosol, which allows the bacterial cell to monitor the extracellular 

environment. For example, E. coli possesses several sensors for sensing envelope 

stress. The σE stress-response integrates unassembled OM proteins as well as 

disturbed LPS biogenesis and induces upregulation of an array of genes involved in 

assembly and transport of OM proteins and LPS (Lima et al., 2013). The Rcs 

phosphorelay monitors β-barrel assembly in the OM by OM lipoprotein RcsF, IM 

proteins IgaA, RcsC and RcsD (figure 3) (Cho et al., 2014). Normally, lipoprotein 

RcsF is transported to the inner leaflet of the outer membrane by the chaperone LolA 

and then is shuffled together with OmpA to the cell surface by BamA. Upon envelope 

stress, RcsF fails to bind BamA and is exposed to periplasm, where IgaA binds RcsF 

and initiates the downstream RcsC/D cascade and upregulation of genes involved in 

periplasmic quality control, motility and virulence (Cho et al., 2014). 

Figure 3: Model for sensing envelope stress by Rcs phosphorelay. Under normal conditions. lipoprotein RcsF is shuffled to 

the cell surface via BamA and OmpA. Upon envelope stress, BamA does not have the capacity to bind RcsF. Thus, RcsF binds 

IgaA and triggeres the downstream RcsC/D cascade. Source: Cho et al., 2014. Reprinted with permission from Elsevier. 
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1.3. Remodeling the cell wall 

Crucial for maintaining and adapting the cell shape to environmental stimuli is the 

constant synthesis and remodeling of the peptidoglycan layer (figure 4) (Surovtsev 

and Jacobs-Wagner, 2018; Typas et al., 2011). Intensive remodeling of the 

peptidoglycan layer occurs during growth and division of a bacterial cell. However, 

loss of peptidoglycan integrity may be detrimental and thus, the modulation of 

peptidoglycan is tightly regulated. Peptidoglycan precursors (uridine diphosphate-N-

acetylglucosamine and uridine diphosphate-N-acetylmuramylpentapeptide) are first 

synthesized in the cytosol and then flipped across the IM after forming lipid-anchored 

disaccharide pentapeptide monomer subunits (Barreteau et al., 2008; Bouhss et al., 

2008). Then these subunits are polymerized into glycan strands by 

glycosyltransferases (penicillin binding proteins) and incorporated into the existing 

peptidoglycan layer, where crosslinking of the peptides by DD-transpeptidases 

occurs. (Typas et al., 2011; Vollmer and Bertsche, 2008). To insert new glycan 

strands, the existing peptidoglycan layer is cleaved by periplasmic peptidoglycan 

hydrolases, amidases, and lytic transglycosylases (Typas et al., 2011; Vollmer et al., 

2008). Peptides are cleaved by DD- and LD-carboxypeptidases. Cleavage by 

amidases occurs mainly during septum cleavage (Typas et al., 2011). In general, 

peptidoglycan cleavage is controlled by incorporating the cleaving enzymes into the 

peptidoglycan synthesis machinery, so that they cannot hydrolyze peptidoglycan at 

locations without simultaneous peptidoglycan synthesis (Höltje, 1998). In addition, 

bacteria encode specific activators or inhibitors located in the periplasm to modulate 

hydrolase activity (Clarke et al., 2010; Morlot et al., 2010). 
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Figure 4: Overview of peptidoglycan 

synthesis and remodeling. Peptidoglycan 

precursors are synthesized in the cytosol and 

then flipped across the membrane into the 

periplasm. Peptidoglycan precursors are 

polymerized into glycan strands by 

glycosyltransferases (Gtases). Newly 

formed glycan strands are inserted in the 

peptidoglycan layer by DD-transpeptidases 

(DD-TPases). Lytic transglycosylases (LTs) 

cleave glycan chains Amidases remove 

peptides from glycan chains while peptides 

are trimmed by carboxypeptidases (CPases). 

Crosslinks between peptides are cleaved by 

endopeptidases (EPases). Source: Typas et 

al., 2011. Reprinted by permission of 

Springer Nature. 

During cell elongation, circular peptidoglycan insertion into multiple sites of the 

lateral cell wall is coordinated by the actin-like protein MreB (figure 5) (Errington, 

2015; Jones et al., 2001). MreB filaments recognize negative curvature and move 

along the cytoplasmic side of the IM orthogonal to the long axis together with the 

peptidoglycan synthesis machinery (Hussain et al., 2018; Olshausen et al., 2013). 

The two complexes are connected by transmembrane proteins RodZ and MreC/D 

(Typas et al., 2011). Although, it is clear that MreB motion is dependent on 

peptidoglycan synthesis, it is not known, how exactly MreB spatially controls 

peptidoglycan insertion and how for example the diameter of the cell is regulated 

(Surovtsev and Jacobs-Wagner, 2018). Nevertheless, MreB is crucial for maintaining 

the rod-shaped form in many bacteria. Interestingly, MreB does not exist in all rod-

shaped bacteria and on the other hand also some coccoid bacteria possess MreB 

(Daniel and Errington, 2003). Rod-shaped bacteria lacking MreB may grow at the 

poles, such as Agrobacterium tumefaciens or Mycobacterium smegmatis (Surovtsev 

and Jacobs-Wagner, 2018). 

Peptidoglycan remodeling during cell division is coordinated by the tubulin-like 

protein FtsZ, the master regulator of bacterial cell division (figure 5) (Adams and 

Errington, 2009). FtsZ forms a dynamic ring-like structure at the future division site 

and recruits proteins essential for the division including FtsA/K/W and ZipA 

(Aarsman et al., 2005; Erickson et al., 2010). Moreover, FtsZ also recruits enzymes 

of the peptidoglycan synthesis machinery for formation of the septum and synthesis 

of the new polar peptidoglycan (Aaron et al., 2007; den Blaauwen et al., 2017; Typas 
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et al., 2011). Polar peptidoglycan is characterized by fewer stem peptides compared 

to the lateral cell wall due to the activity of N-acetylmuramyl-L-alanine amidases 

(Peters et al., 2011). 

Figure 5: Protein complexes for remodeling peptidoglycan during growth and septation. For lateral growth, MreB 

coordinates peptidoglycan insertion by controlling the activity of glycosyltransferases and hydrolases. For septation, FtsZ 

organizes the divisome complex which includes cell division proteins, glycosyltransferases, amidases with their activators and 

proteins of the Tol-Pal complex for OM constriction. Source: Typas et al., 2011. Reprinted by permission of Springer Nature. 

Next to MreB and FtsZ, many other cytoskeleton-like proteins sculpt the bacterial 

cell (Lin and Thanbichler, 2013). One example is crescentin in C. crescentus, which 

is anchored to the IM by MreB and is responsible for curved cell shape. Crescentin 

generates a compressive force to reduce the peptidoglycan insertion rate (Cabeen et 

al., 2009; Charbon et al., 2009). Other scaffold proteins include bactofilins, which 

are for example required for the helical shape of Helicobacter plyori by modulating 

the peptidoglycan crosslink hydrolases (Sycuro et al., 2010) or for generating the 

stalk in C. crescentus (Kühn et al., 2010). 

1.4. Cytosolic organization 

At first sight, bacteria do not have any cytoplasmic organization. However, they 

evolved many mechanisms to organize their cytosol. A prominent structural feature 

in the cytosol is the nucleoid. The nucleoid contains the compacted chromosome(s), 

is highly organized and occupies different amount of space in different bacteria (Gray 
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et al., 2019). For example, transcription and translation are partially separated in E. 

coli because messenger ribonucleic acids (mRNAs) loaded with multiple ribosomes 

locate in the nucleoid free poles as they are probably too big to diffuse through the 

compact nucleoid (Bakshi et al., 2012). Similarly, also mRNA degradation takes 

place more at the membranes as the ribonucleases are located outside of the nucleoid 

region in E. coli (Surovtsev and Jacobs-Wagner, 2018). This stands in contrast to C. 

crescentus, in which the nucleoid spans through the whole cell. There the ribosomes 

as well as the RNAses are located more inside the nucleoid (Surovtsev and Jacobs-

Wagner, 2018). Nucleoid occlusion is also used to control the site of division. 

Nucleoid occlusion factors such as SlmA in E. coli and Noc in Bacillus subtilis bind 

to DNA and inhibit FtsZ-ring polymerization at locations where the chromosome is 

(Wu and Errington, 2011). 

Another system for positioning the division site is the Min system in E. coli (figure 

6) (Hu and Lutkenhaus, 1999). FtsZ-inhibitor MinC oscillates between the two poles

resulting in a minimal MinC concentration in the mid-cell area over time, where the

FtsZ-ring can polymerize (Raskin and de Boer, 1999). MinC oscillation is driven by

the interaction between ATPase MinD in an ATP-bound state and MinE, which

induces ATPase activity of MinD. Then, MinD is released from the membrane and

so is MinC, which is bound to MinD (Park et al., 2011). After nucleotide exchange,

MinD can re-enter 7the ATP-bound stage and associates with the membrane again.

This antagonism between MinD and MinE yields in an oscillation of MinD and MinE

between the two poles (Surovtsev and Jacobs-Wagner, 2018). Fascinatingly, the Min

system can also be artificially reconstituted resulting in the same oscillation behavior

as observed inside bacterial cells (Vecchiarelli et al., 2016).

Figure 6: Positioning the site of division. Z-ring formation is inhibited at the poles by MinC (left), which oscillates from pole 

to pole driven by antagonistic interactions between MinD and MinE (right). Source: Adapted from Rowlett and Margolin, 2013. 

Reprinted with permission from Elsevier. 
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While high copy number cellular components are distributed by diffusion during cell 

division, it is a particular challenge to distribute low copy number components. 

Random distribution would likely result in one cell without or too little of these low 

copy components. Therefore, bacterial cells have several mechanisms to ensure equal 

distribution of low copy number components such as plasmids. The ParM/R system 

actively transports these plasmids to both poles by cytoskeletal filaments made of 

actin homologs (figure 7) (Gayathri and Harne, 2017). Thereby the actin-like 

filament consisting of ParM is stabilized as soon as the tip of the filaments binds a 

plasmid via ParR. The other end of the filament is stabilized through binding to 

another ParM filament in an antiparallel manner. Thus, plasmid binding yields in 

polymerization of two stable ParM filaments in an antiparallel manner thereby the 

plasmids are pushed towards each pole (Gayathri and Harne, 2017). 

Figure 7: Plasmid distribution to poles by the ParM/R system. A bipolar spindle formed by ParM subunits pushes plasmid 

bound to ParR towards the poles. Source: Gayathri et al., 2012. Reprinted with permission from AAAS. 

Another partitioning system consists of ParA/B, which results in a regularly spaced 

distribution of plasmids inside the bacterial cell (figure 8). ATPase ParA non-

specifically binds to the nucleoid in an ATP dependent manner. Plasmid bound ParB 

recognizes ParA and is pulled towards ParA (Baxter and Funnell, 2014). Binding of 

ParA by ParB results in ATPase activity of ParA and thereby the ParA/B complex 

falls apart. These transient interactions between ParA and ParB lead to a recurrent 

pulling along an ATP-bound ParA gradient (Ringgaard et al., 2009). When multiple 

plasmids are present, the ATP-bound ParA gradient is eventually depleted between 

plasmids resulting in an evenly spaced pattern. Chromosome segregation may also 
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be driven by the ParA/B system, or by hub proteins located at the poles (see chapter 

1.6.) (Surovtsev and Jacobs-Wagner, 2018). 

Figure 8: Plasmid segregation by the ParA/B system. Plasmids 

bound to ParB are pulled towards dimers of ParA. Eventually, ParB 

binding to ParA results in ParA monomerization and the ParA/B 

complex falls apart. Thus, translocation of plasmids bound to ParB 

towards gradient of dimerized ParA results in segregation of 

plasmids. Source: Surovtsev and Jacobs-Wagner, 2018. Reprinted 

with permission from Elsevier. 

1.5. Organelles and microcompartments 

Bacteria use also specialized cytosolic compartments to perform biochemical 

reactions which may be potentially harmful to the bacterial cell due to toxic 

intermediates or unwanted side-reactions (Cornejo et al., 2014; Grant et al., 2018; 

Kerfeld et al., 2018). 

Organelles are one class of these intracellular compartments, which are surrounded 

by a lipid bilayer. A particularly well studied example is spore formation in B. 

subtilis. First, an asymmetric septum is formed leading to a big mother cell and a 

small forespore. Then the mother cell engulfs the forespore by remodeling the 

membrane and the peptidoglycan layer (Higgins and Dworkin, 2012). Proteins 

involved in formation of this internal, double membraned compartment include cell 

wall synthesis and degradation proteins as well as proteins required for membrane 

remodeling (Cornejo et al., 2014; Higgins and Dworkin, 2012). One of these proteins, 

SpoVM, recognizes positive curved membranes (Ramamurthi et al., 2009). 

Another lipid-bound organelle is the magnetosome in magnetotactic bacteria, which 

allows navigation along magnetic fields (Blakemore, 1975). Magnetosomes are 

formed by invagination of the IM and contain magnetite or greigite, which are both 

iron-based crystals (Cornejo et al., 2014; Grant et al., 2018). Interestingly, the 

magnetosomes are aligned as chains inside the bacterial cell. Essential for positioning 
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of individual magnetosomes is MamK, a homolog of actin-like MreB (figure 9) 

(Grant et al., 2018). 

Figure 9: Positioning of magnetosomes and carboxysomes. Positioning of magnetosomes relies on MamK, a homolog of 

actin-like MreB. ParA is required for equal spacing of carboxysomes. Source:Cornejo et al., 2014. Reprinted with permission 

from Elsevier. 

Anammoxosomes in some chemolithoautotrophic bacteria are used to convert 

ammonium and nitrite into nitrogen gas generating a proton-motive force by 

anaerobic ammonium oxidation (Grant et al., 2018). The lipid-surrounded organelle 

occupies about 60 % of the total cell volume and the membrane is enriched in 

ladderanes, required to restrict passive diffusion of protons and thus limiting energy 

loss (Neumann et al., 2014). Widely spread are also membrane-bounded storage 

granules, the best-characterized ones are polyphosphate granules from A. 

tumefaciens and Rhodospirillum rubrum (López-Marqués et al., 2004; Seufferheld et 

al., 2003). 

Bacterial microcompartments consist entirely out of proteins encapsulating 

metabolic enzymes. A well-studied example is the carboxysome, which is found in 

Cyanobacteria and some chemoautotrophic bacteria. This microcompartment is 

required for producing 3-phospho-glycerate from CO2 (Kerfeld et al., 2018). 

Carboxysomes contain the most abundant enzyme in the world called RuBisCo 

(ribulose-1,5-bisphosphate carboxylase/oxygenase) required for the first step of 

fixing CO2 (Spreitzer and Salvucci, 2002). Like magnetosomes, carboxysomes are 
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arranged linearly in a regular pattern in Cyanobacteria. The subcellular arrangement 

of carboxysomes relies on the cytoskeletal protein ParA, which is involved in plasmid 

and chromosomal DNA segregation (figure 9) (Savage et al., 2010). Interestingly, 

some of these microcompartments are linked to virulence and fitness advantage in 

the gut for some enteric pathogens (e.g. Salmonella typhimurium, Listeria 

monocytogenes and enterohemorrhagic E. coli) (Bertin et al., 2011; Jakobson and 

Tullman-Ercek, 2016; Joseph et al., 2006; Kerfeld et al., 2018). 

1.6. Organization of the polar compartment 

An important compartment in rod-shape bacteria are the poles. They provide 

biochemical and physical cues required for proper subcellular localization of hub 

proteins. Hub proteins act as scaffold proteins for many different cellular components 

involved in chemotaxis, motility, cell differentiation, cell-cycle regulation and 

secretion (figure 10). 

Figure 10: Cues to localize proteins to the poles. Bacterial poles have a different lipid composition, which can be recognized 

by some proteins. Other proteins sense the negative curvature of the poles. Poles may also act as sink for big protein clusters. 

Furthermore, the nucleoid can exclude big protein clusters and thus promote polar localization. Source: Adapted from Surovtsev 

and Jacobs-Wagner, 2018. Reprinted with permission from Elsevier. 

The most prominent physical cue at the poles is the negative curvature of the 

membrane. Certain proteins such as MreB in rod-shaped bacteria or hub protein 

DivIVa in B. subtilis recognize negatively curved membranes (Hussain et al., 2018; 

Lenarcic et al., 2009). However, MreB does not localize to poles as the lipid 

composition at poles with its anionic phospholipids, such as cardiolipins, likely 

repels MreB (Kawazura et al., 2017). Thus, polar peptidoglycan is much more stable 

in rod-shaped bacteria with MreB dependent peptidoglycan insertion (Young, 2006). 

Therefore, the polar compartment is ideal for OM proteins or proteins inserted into 



I. INTRODUCTION

14 

the peptidoglycan, which need to be in close proximity (e.g. chemoreceptors or large 

protein complexes) as they will not be separated during growth (de Pedro et al., 

2004).  

DivIVa is specifically localized to the poles as a function of its intrinsic physical 

properties, which allows molecular bridging of the negative curvature by DivIVa 

multimers. Therefore DivIVa clusters more likely at maturated and newly forming 

poles (Lenarcic et al., 2009). Although a membrane protein, chemoreceptor TlpA in 

E. coli also specifically recognizes the negative curvature due to its conical shape as

trimer (Strahl et al., 2015). Other chemoreceptors, however, may cluster at the poles

based on their ability to act as a sink for smaller clusters. As the two poles have the

maximum distance possible between each other, large clusters will likely

agglomerate there (Thiem and Sourjik, 2008). Bacteria also use the advantage of

spatial separation through the poles. For example, Rhodobacter sphaeroides

possesses two sets of chemoreceptors with different functions. One is localized at the

poles and one is inserted into the lateral wall. Thus, crosstalk between the two sets of

chemoreceptors is avoided (Wadhams et al., 2003).

Self-assembling hub protein PopZ in C. crescentus is localized to the poles by a 

volume exclusion mechanism. In C. crescentus, the nucleoid is spread throughout the 

bacterial cell, thus big PopZ oligomers are limited to the DNA-free poles (Ebersbach 

et al., 2008; Saberi and Emberly, 2010). Another known hub protein is HubP in 

Vibrio cholerae, which controls the polar localization of chromosome origin of 

replication, chemotactic machinery and flagellum (Yamaichi et al., 2012). However, 

it is not clear how transmembrane protein HubP is recruited to nascent poles; one 

possibility could be that HubP recognizes features of polar peptidoglycan via its 

LysM domain as it was shown for hub protein FimV in P. aeruginosa and for many 

other LysM domain containing proteins (Buist et al., 2008; Wehbi et al., 2011; 

Yamaichi et al., 2012). 

Next to the known hub proteins, several other cellular components are localized to 

the poles by various mechanisms. A possible way to localize proteins to the poles is 

the “diffusion and capture” mechanism in which a protein randomly diffuses through 

the bacterial cell until a target protein or hub protein at the pole transiently or 

persistently captures it (Shapiro et al., 2009). PleC in C. crescentus, a histidine kinase 
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required for developing two asymmetric daughter cells, is localized at one pole while 

PleC proteins in the midcell area diffuse randomly suggesting that PleC is captured 

at the poles (Deich et al., 2004). Another example is how the origin of replication of 

the chromosome is localized to the poles prior chromosome segregation in some 

bacteria. In C. crescentus and V. cholerae (large chromosome), ParB binds the origin 

of replication region and is then captured by PopZ or HubP, respectively (figure 8) 

(Bowman et al., 2008; Yamaichi et al., 2012). 

1.6.1. Polar localization of macromolecular complexes 

Interestingly, many adhesins and pili are located at the poles. One explanation for 

this accumulation of attachment complexes at the poles may be the charge repulsion 

created by the negatively charged surfaces of bacteria and their natural attachment 

surfaces (van Loosdrecht et al., 1989; Young, 2006). By approaching the surface with 

the polar site first, bacteria may minimize and overcome the charge repulsion before 

aligning the rest of the cell in a second step (Agladze et al., 2005; Burrows, 2012; 

Hogan and Kolter, 2002; Sangermani et al., 2019). 

In P. aeruginosa, polar localization of Type IVa pilus machinery is achieved by 

inserting it at future division sites. Hub protein FimV and non-polar protein PocA 

recruit components of the Type IVa pilus (Carter et al., 2017; Cowles et al., 2013). 

Pre-installing the Type IVa pilus at nascent poles has the advantage that no 

peptidoglycan hydrolases are required to make space in the already existing 

peptidoglycan layer. PocA is also required for polar localization of the P. aeruginosa 

flagellum (Cowles et al., 2013). 

In general, many flagella are polarly localized; likely because they have advantages 

for directed movement in liquid and viscous environments (Young, 2006). 

Localization of polar flagella depends on hub proteins such as HubP in V. cholerae 

or TipN in C. crescentus, which marks the newly synthesized pole (Huitema et al., 

2006; Yamaichi et al., 2012).  

Polar secretion systems (T2SS-T7SS) are reported for Gram-negative and Gram-

positive bacteria. Many of them are involved in host-pathogen interactions (Carlsson 

et al., 2009; Chakravortty et al., 2005; Charles et al., 2001; Jain et al., 2006; Jeong et 
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al., 2017; Morgan et al., 2010; Rosch and Caparon, 2004; Scott et al., 2001). 

However, most reports using fluorescence or electron microscopy are only 

descriptive regarding the polar localization of these secretion systems.  

The T2SS (extracellular protein secretion apparatus) required for secretion of cholera 

toxin and proteases is predominately localized to the old pole in V. cholerae (Scott 

et al., 2001). However, eventually the T2SS becomes bipolar in old cells, suggesting 

that the recognized properties may include markers of matured poles. Interestingly, 

one T2SS component EpsM can localize to the poles independently from the other 

T2SS components (Scott et al., 2001). Nevertheless, it is still an open question how 

the secreted substrates are localized to the polar periplasm, since the Sec-pathway is 

not polarly distributed in V. cholerae (Scott et al., 2001). Similarly, one T2SS (Xcp 

system) in P. aeruginosa is also localized at one cell pole (Senf et al., 2008). 

The T3SS (Salmonella pathogenicity island 2) in S. typhimurium promotes 

intracellular survival in enterocytes of the intestinal mucosa (Chakravortty et al., 

2005). Strikingly, secreted effectors as well as the secretion apparatus is localized at 

one of the poles inside eukaryotic cells (Chakravortty et al., 2005; Nikolaus et al., 

2001). Translocon component IpaC in Shigella flexneri is accumulated at the pole 

before it is polarly secreted in a T3SS dependent manner and then inserted into the 

host cell membrane (Jaumouillé et al., 2008). Interestingly, IpaC is targeted to the 

same pole as IcsA which is required for the actin-based motility inside eukaryotic 

cells (Jaumouillé et al., 2008). 

Several T4SS secretion systems were found to be polarly localized, for example in 

Coxiella burnetii (Dot/Icm), A. tumefaciens (VirB/D4) as well as in Legionella 

pneumophila (Dot/Icm) (Jeong et al., 2017; Judd et al., 2005; Kumar and Das, 2002; 

Morgan et al., 2010). Coxiella burnettii T4SS is required for modulation of the 

parasitophorous vacuole, the intracellular niche of C. burnettii inside macrophages 

(Winchell et al., 2014). Localization of C. burnettii T4SS to one or both poles is 

suggested to enhance secretion of effector proteins across the vacuolar membrane 

(Morgan et al., 2010). On the other hand, the function of the unipolar T4SS in A. 

tumefaciens T4SS seems to be easily explained by the observation that A. tumefaciens 

polarly attaches to plant cells for T4SS dependent transfer of DNA and effector 

proteins (Judd et al., 2005; Matthysse, 1987). However, a newer report using 
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deconvolution microscopy suggests a more helical localization pattern of T4SS in A. 

tumefaciens and its co-localization with cytoskeletal protein MinD (Aguilar et al., 

2010). Nevertheless, four components of the VirB/D4 T4SS (VirB4, VirB8, VirB11 

and VirD4) in A. tumefaciens are capable of independently localizing to the pole in a 

so far unknown manner (Judd et al., 2005). The best-studied polar T4SS resides in L. 

pneumophila and is required for maintaining the Legionella containing vacuole 

inside eukaryotic cells (Qiu and Luo, 2017). L. pneumophila T4SS is localized to 

both poles. Interestingly, it is also the first polar secretion system for which it was 

shown that the polar localization is required for virulence (Jeong et al., 2017). Jeong 

et al., 2017 showed that mislocalization of the T4SS results in decreased virulence 

inside eukaryotic cells despite functional effector secretion. Polar localization of L. 

pneumophila T4SS likely depends on cell division proteins as T4SS were observed 

at newly formed septa. However, the exact mechanism is not known (Jeong et al., 

2017). In addition, polar localization also depends on structural components DotU 

and IcmF, which localize to the poles on their own (Ghosal et al., 2019). 

Polar T5SS or auto-transporters are found in several bacterial species including 

Bordetella pertussis (BrkA), E. coli (AIDA-I) or S. flexneri (SepA and IcsA) (Jain et 

al., 2006). The best-studied example is IcsA in S. flexneri, which is required for intra- 

and intercellular mobility (Goldberg et al., 1993). IcsA exhibits interesting 

subcellular localization dynamics; as it first inserts into the OM at the old pole, where 

it mediates the assembly of an actin tail, and then laterally diffuses towards the new 

pole (Steinhauer et al., 1999). Important for maintaining polar localization at the old 

pole in S. flexneri is the non-localized cleavage of IcsA by OM serine protease IcsP 

at the bacterial surface. In absence of IcsP, IcsA is distributed over the entire surface 

(Egile et al., 1997). In addition, polar localization of periplasmic acid phosphatase 

PhoN2 in S. flexneri seems to be required for wild-type levels of polar IcsA (Scribano 

et al., 2014). Recently, it was also shown that cytoskeleton protein MreB, which is 

normally distributed throughout the bacterial cell, in S. flexneri localizes to the same 

pole as IcsA in infected Hela cells (Krokowski et al., 2019). Nevertheless, it is not 

clear how IcsA is targeted to the pole. It is thought that the C-terminal part recognizes 

a putative polar target prior secretion (Charles et al., 2001). Interestingly, the C-

terminal part of IcsA localizes to the pole also in a variety of Enterobacteriacae as 

well as in V. cholerae, suggesting that the recognized polar target is conserved 
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(Charles et al., 2001). Polar localization in non-native E. coli was also reported for 

BrkA, AIDA-I and SepA (Jain et al., 2006). Strikingly, even auto-transporter NalP 

from Neisseria meningitidis, a spherical shaped bacterium, localizes to the poles in 

E. coli, confirming that polar T5SS likely use a conserved mechanism to target the

poles (Jain et al., 2006).

The vast majority of T6SS are localized at variable sites in bacterial cells. However, 

there is one report suggesting that Burkholderia thailandensis T6SS-5, which is 

required for formation of multinucleated giant cells inside host cells, is polarly 

localized (Schwarz et al., 2014). In addition, we characterized a polar T6SS in 

Francisella novicida required for phagosomal escape in chapter 3.3. (Brodmann et 

al., 2017). Polar localization of T6SS will be discussed in more detail in chapter 

“2.3.5. Polar localization”. 

The T7SS (ESX-1) in Mycobacterium marinum and M. smegmatis, required for 

intracellular survival in macrophages, is preferentially assembled at the pole, where 

peptidoglycan synthesis is active (Carlsson et al., 2009; Wirth et al., 2012). Polar 

localization depends on scaffold protein SaeC, however, it remains to be determined 

how SaeC localization is controlled (Wirth et al., 2012). 

Furthermore, polar secretion of a toxin was reported (Geiger et al., 2018). 

Pathogenicity of Salmonella enterica subspecies typhi depends on the secretion of 

the typhoid toxin (Galán, 2016). The individual components of the typhoid toxin are 

secreted to periplasm by the Sec-pathway, where they assemble to a holotoxin 

complex. In order to cross the peptidoglycan layer, the typhoid toxin requires 

peptidoglycan cleavage by TtsA muramidase localized at the poles (Geiger et al., 

2018). However, TtsA activity requires specific LD-crosslinked peptidoglycan, 

which is carried out by LD-transpeptidase YcbB. Interestingly, exponentially 

growing bacterial cells contain much more DD-crosslinks than LD-crosslinks, 

suggesting that environmental cues may change the overall architecture of the 

peptidoglycan layer in the Salmonella containing vacuole (Quintela et al., 1997). 

Therefore, the remarkable substrate specificity of TtsA may be a mechanism to 

regulate typhoid toxin secretion in a temporal and spatial in response to 

environmental cues manner (Geiger et al., 2018).  
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In Streptococcus pyogenes, a single microdomain inserted in the cytoplasmic 

membrane called ExPortal is used to polarly secrete proteins in a Sec-pathway 

dependent manner (Rosch and Caparon, 2004). The ExPortal is located either at the 

old pole or at the newly formed septum. Its polar localization may facilitate the 

organization and concentration of accessory factors which help with the folding of 

the secreted protein on the bacterial cell surface of Gram-positive bacteria (Rosch 

and Caparon, 2005). 

Interestingly, there is one report showing that also some bacteriophages tend to infect 

bacteria at the poles, especially at low multiplicity of infection (MOI) (Edgar et al., 

2008). While it is not elucidated how these bacteriophages target the bacterial poles, 

it is striking that bacterial proteins involved in the infection process such as ManY 

and FtsH are also localized at the poles (Edgar et al., 2008). 
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2. Type VI Secretion System

The T6SS, found in over 25 % of all sequenced Gram-negative bacteria, is a 

contractile nano-machine to deliver effector proteins into prokaryotic and eukaryotic 

target cells in a contact-dependent manner (Bingle et al., 2008; Ho et al., 2014). 

Originally, the T6SS was found in a transposon screen to identify new virulence 

factors in V. cholerae required for killing Dictyostelium discoideum (Pukatzki et al., 

2006). Before its actual discovery, mutations inside T6SS gene clusters of pathogens 

were associated with decreased virulence in various infection models (Bladergroen 

et al., 2003; Das and Chaudhuri, 2003; Folkesson et al., 2002; Golovliov et al., 1997; 

Parsons and Heffron, 2005; Williams et al., 1996). Therefore, T6SS was initially 

thought to be mainly required for host-pathogen interactions, later on it became 

evident that T6SS is primarily used for competition between Gram-negative bacteria 

(Cianfanelli et al., 2016; Hood et al., 2010; Mougous et al., 2006; Russell et al., 

2011). 

2.1. T6SS mode of action 

The T6SS is structurally and functionally related to contractile bacteriophages such 

as Myoviridae bacteriophages, R-type pyocins of P. aeruginosa and other 

extracellular contractile elements (Ge et al., 2015; Leiman et al., 2009; Shneider et 

al., 2013; Taylor et al., 2018).  

Cryo-electron tomography was used to reveal the overall architecture of the T6SS 

apparatus inside an intact bacterial cell suggesting that the T6SS consists of three 

subassemblies (Basler et al., 2012; Chang et al., 2017). A membrane complex tethers 

the whole apparatus to the cell envelope. Then a baseplate complex including the 

spike and effectors connects the membrane complex with a long cytosolic sheath 

containing an inner tube (figure 11A-D) (Ho et al., 2014). Live-cell fluorescence 

microscopy of sheath subunit T6SS component B (TssB) and ATPase ClpV showed 

that the assembly and contraction of the sheath as well as disassembly of the 

contracted sheath is a dynamic process (figure 11) (Basler and Mekalanos, 2012). 

The sheath contracts in less than 2 ms and thus releases energy equivalent to the 

conversion of 1000 molecules of ATP to ADP (Vettiger et al., 2017; Wang et al., 
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2017). Thereby sufficient force is generated to drill the inner tube of the sheath with 

spike and associated effectors into the cytosol of a target cell (figure 11 E-F) 

(Brackmann et al., 2017a; Vettiger and Basler, 2016). Then the contracted sheath is 

recycled by an ATPase ClpV (figure 11G-H) (Basler and Mekalanos, 2012; 

Bönemann et al., 2009). 

 

Figure 11: Overview of T6SS assembly and dynamics. A) Insertion of the membrane complex (TssJ/TssL/TssM) into the 

cell envelope may require local cleavage of peptidoglycan. B) The membrane complex serves as a scaffold for assembly of the 

baseplate (TssE/TssF/TssG/TssK) and may be coordinated by TssA. C) The baseplate complex harbors the spike complex 

(VgrG, PAAR and effectors) and initiates the assembly of a cytosolic sheath (TssB/TssC) with inner tube (Hcp). D) Sheath 

polymerizes by addition of subunits at its distal end. Sheath assembly may be coordinated by TssA and extended sheaths may 

be stabilized by TagA. E) Conformational changes of the baseplate triggers sheath contraction. F) Sheath contraction drills the 

inner tube together with the spike complex and the associated effectors into a target cell. G) Unfoldase ClpV recycles contracted 

sheath subunits under ATP consumption. H) The fates of membrane and baseplate complex are unknown, either they are 

disassembled or reused for a next round of firing. Source Adpated from:Schneider et al., 2019, licensed under Creative 

Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 

Since T6SS dependent intoxication does not rely on a specific target cell receptor as 

it is the case for other secretion systems, diverse targets, ranging from eukaryotic 

cells over fungi to Gram-negative bacteria, can be killed (Brackmann et al., 2017). 

Interestingly however, Gram-positive bacteria seem to be immune against T6SS 

attacks (Alcoforado Diniz et al., 2015; Hachani et al., 2016; Trunk et al., 2018). The 

reason for this immunity is not clear, however, either T6SS fails to deliver effector 
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proteins through the thick peptidoglycan layer of Gram-positive bacteria or 

translocated effectors fail to find appropriate targets (Ho et al., 2014). 

2.2. T6SS structure and assembly 

The canonical T6SS consists of 13 conserved components required for its function 

and various accessory proteins involved in regulation and assembly (Boyer et al., 

2009). Electron microscopy, crystallography and fluorescence live-cell microscopy 

were used to solve structures of subcomplexes or single proteins as well as to reveal 

the hierarchal assembly process of the T6SS. 

2.2.1. Membrane complex 

T6SS assembly starts with the membrane complex consisting of TssJ, TssM and TssL 

(figure 12) (Brunet et al., 2015; Durand et al., 2015; Gerc et al., 2015; Rapisarda et 

al., 2019). TssM and TssL are IcmF and IcmH homologs of the T4SS (Cianfanelli et 

al., 2016; Das and Chaudhuri, 2003). First, OM lipoprotein TssJ interacts with IM 

protein TssM, so that they span across the cell envelope (Aschtgen et al., 2008; 

Felisberto-Rodrigues et al., 2011; Zheng and Leung, 2007). Then the TssM-TssJ 

complex oligomerizes via the peptidoglycan-binding domain of TssM into a five-

fold symmetry forming the core of the membrane complex (Durand et al., 2015; 

Rapisarda et al., 2019; Yin et al., 2019). Finally, dimers of IM protein TssL are 

recruited (Aschtgen et al., 2012; Durand et al., 2012, 2015; Ma et al., 2009; Zheng 

and Leung, 2007). 

 Figure 12: Structure of membrane complex. Three TssJ subunits bind one 

TssM component. Upon TssJ binds, TssM assembles into a complex with a 

five-fold symmetry, which spans across both membranes. Then, dimers of IM 

protein TssL bind to each TssM subunit. Source: Adapted from Wang et al., 

2019 with permission from the Annual Review of Microbiology, Volume 73 © 

2019 by Annual Reviews, http://www.annualreviews.org/. 
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Interestingly, the peptidoglycan meshwork is too tight to accommodate the whole 

membrane complex without peptidoglycan remodeling. Therefore, some T6SS 

clusters contain a specific peptidoglycan hydrolase, however, most do not (Santin et 

al., 2019; Weber et al., 2016). The role of these peptidoglycan hydrolases for T6SS 

localization is discussed in chapter 2.3.4. In addition, some membrane complexes are 

anchored to the cell wall by a peptidoglycan binding domain of TssL or by accessory 

proteins such as TagL or TagN (Aschtgen et al., 2010a, 2010b; Ma et al., 2009). 

Nevertheless, the role of peptidoglycan binding for assembly and stabilization of the 

membrane complex is debatable as peptidoglycan is dispensable for T6SS activity at 

least in V. cholerae (Vettiger et al., 2017).  

The membrane complex likely undergoes some structural changes in order to 

accommodate the spike complex with effectors and the inner tube during secretion 

(Durand et al., 2015; Lin et al., 2014; Ma et al., 2012). Since some TssMs have 

NTPase activity, TssM might actively trigger the conformational change of the 

membrane complex; however, how the opening of the membrane complex is 

achieved is not clear yet (Ma et al., 2012). 

2.2.2. Baseplate and spike complex 

The baseplate is assembled in the cytosol on top of the membrane complex. However, 

the baseplate complex has a six-fold symmetry in contrast to the membrane complex 

(Brunet et al., 2015; Nazarov et al., 2018; Zoued et al., 2016). How this symmetry 

mismatch is resolved, remains to be elucidated. In general, the T6SS baseplate shares 

close homology to the baseplate of T4 bacteriophage (Nazarov et al., 2018; Taylor et 

al., 2016). A central hub consisting of trimeric VgrG and one PAAR protein is 

connected to six wedges made out of TssE, TssF, TssG and TssK in a 1:2:1:6 

stoichiometry (figure 13) (Cherrak et al., 2018; Nazarov et al., 2018; Pukatzki et al., 

2007; Shneider et al., 2013). TssE is highly conserved among contractile injection 

systems and is thought to connect the sheath subunits to the baseplate as it contains 

a similar handshake domain (Basler et al., 2012; Clemens et al., 2015; Kudryashev 

et al., 2015; Leiman et al., 2009; Lossi et al., 2011; Nazarov et al., 2018). 

Surprisingly, a tssE deletion mutant in V. cholerae is able to assemble T6SS sheaths 

with low frequency (Vettiger and Basler, 2016). Two molecules of TssF interconnect 
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TssE with TssG (Cherrak et al., 2018; Nazarov et al., 2018; Park et al., 2018). A TssK 

dimer binds to TssG connecting the baseplate to the membrane complex by 

interactions with TssL and TssM (Cherrak et al., 2018; Park et al., 2018). 

Figure 13: Structure of baseplate and spike complex. The baseplate consists of TssE/TssF/TssG/TssK in a 1:2:1:6 ratio and 

accommodates the spike complex made of VgrG and PAAR protein. Source: Adapted from Wang et al., 2019 with permission 

from the Annual Review of Microbiology, Volume 73 © 2019 by Annual Reviews, http://www.annualreviews.org/. 

In general, it is thought that a conformational change in the baseplate triggers 

contraction of extended sheath (Brackmann et al., 2017b; Taylor et al., 2016; Wang 

et al., 2017). However, what exactly triggers sheath contraction remains unknown. 

Interestingly, TssK shares no homology to contractile bacteriophages, but to the 

receptor binding-protein of non-contractile phages and TssK dimers are mobile 

relative to the other wedge components suggesting that TssK may propagate the 

contraction signal from the membrane complex to the baseplate and thus to the 

extended sheath (Nguyen et al., 2017; Park et al., 2018). In addition, the T6SS 

baseplate lacks a LysM-domain protein, which clamps the T4 baseplate wedges 

together, suggesting that the T6SS baseplate is rather unstable (Arisaka et al., 2016). 

2.2.3. Sheath and inner tube 

The sheath and inner tube are polymerized onto the baseplate. The trimer of VgrG 

serves as a template for assembly of inner tube, which is formed by hexameric Hcp 

rings stacked together (Renault et al., 2018; Wang et al., 2017). The inner tube is 

surrounded by sheath subunits TssB and TssC. TssB and TssC form heterodimers 

and stack into hexameric rings which are interconnected (Clemens et al., 2015; 

Kudryashev et al., 2015; Salih et al., 2018; Wang et al., 2017). In contractile injection 

systems, TssB and TssC are fused into one gene product (Aksyuk et al., 2009). TssB 
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and TssC heterodimers are connected by a conserved handshake domain, which also 

mediates interaction with Hcp (Clemens et al., 2015; Kudryashev et al., 2015; Salih 

et al., 2018; Wang et al., 2017). TssC contains a domain (domain 3) which is unique 

for T6SS and is required for disassembly by ClpV (Bönemann et al., 2009; Clemens 

et al., 2015; Kudryashev et al., 2015; Salih et al., 2018; Wang et al., 2017). 

The assembly of sheath and inner tube into an extended, meta-stable state starts at 

the baseplate and proceeds at the distal end of the growing structure (Vettiger et al., 

2017). Since T6SS does not contain a tape measure protein unlike other contractile 

injection system, the sheath and inner tube assembly normally proceeds until the 

membrane opposite of the baseplate is reached (Basler et al., 2012; Brunet et al., 

2013; Gerc et al., 2015; Leiman et al., 2010). 

So far, the structure of the extended sheath with the inner tube inside was only solved 

from a sheath mutant, which was unable to contract. In this mutant, the N-terminal 

linker region of TssB was elongated by three amino acids, which resulted in an 

aberrant linkage of sheath rings (Brackmann et al., 2017b; Wang et al., 2017). The 

extended sheath structure revealed that the Hcp tube follows the same helical 

parameters as the sheath surrounding it in contrast to the previously solved crystal 

structures (Brunet et al., 2014; Mougous et al., 2006; Sun et al., 2007). Various 

structures of contracted sheaths suggest an overall conserved sheath architecture 

despite sequence variations (Clemens et al., 2015; Kudryashev et al., 2015; Salih et 

al., 2018). 

2.2.4. Sheath contraction and recycling 

The comparison of the extended with empty contracted sheath combined with T6SS 

dynamics observed by live-cell fluorescence microscopy revealed a translocation 

mechanism of inner tube with spike complex and effectors according to the inverted 

contractile phage model (Basler et al., 2012; Chang et al., 2017). Thereby, the 

conformational change of the baseplate translates into collapse of sheath rings nearest 

at the baseplate, then contraction ring by ring propagates along the sheath 

(Brackmann et al., 2017b; Ge et al., 2015; Wang et al., 2017). 
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Upon contraction, the sheath compresses to half of its original size while the diameter 

increases (figure 14) (Basler et al., 2012). Interactions with Hcp are abrogated along 

the contraction wave while they are still present in the remaining extended structure, 

thus the inner tube with the spike complex and effector is pushed forwards at a 

rotational speed of at least 477 000 revolutions per minute (Wang et al., 2017). Until 

now, it was never possible to measure the velocity of contraction, however it was 

shown to be faster than 800 nm/ms (Vettiger et al., 2017). Interestingly, the signal 

for contraction and as well, whether the membrane or the baseplate complex triggers 

contraction is still unknown. 

Figure 14: Structures of extended and contracted T6SS sheath. The T6SS sheath is made of hexameric heterodimers of 

TssB and TssC subunits. Upon contraction, the sheath compresses to half of its size and increases its diameter in order to 

translocate the inner tube (Hcp) forwards. In the contracted conformation, the N-terminal domain 3 in TssC (in red) gets exposed 

and is accessible by ClpV. ClpV recycles contracted sheath subunits under ATP consumption. Source: Adapted from Wang et 

al., 2019 with permission from the Annual Review of Microbiology, Volume 73 © 2019 by Annual Reviews, 

http://www.annualreviews.org/. 

Sheath contraction leads to unfolding of N-terminal domain 3 in TssC (figure 14). 

Exposed domain 3 is recognized by hexameric ATPase associated with diverse 

cellular activites (AAA+) ATPase ClpV, which under ATP consumption restores the 

high energy state conformation of sheath protomers (Bönemann et al., 2009; Kapitein 

et al., 2013; Pietrosiuk et al., 2011). However, the exact mechanism how ClpV 

recycles sheath subunits, remains to be elucidated. ClpV is neither essential for T6SS 

assembly nor contraction. Yet, killing efficiency is decreased in a clpV deletion 

mutant in V. cholerae highlighting the importance of T6SS dynamics and multiple 

firing events (Basler et al., 2012). Interestingly, Francisella tularensis and 

Pseudomonas putida encode T6SS clusters lacking ClpV (Bernal et al., 2017; Bröms 

et al., 2010). Some organisms have an accessory protein TagJ proposed to assist in 

contracted sheath disassembly. However, tagJ deletion did not result in an observable 

phenotype in P. aeruginosa (Förster et al., 2014; Lossi et al., 2012).  
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2.2.5. TssA family 

Furthermore, members of the TssA protein family belong to the conserved T6SS 

components. They all contain a conserved N-terminal ImpA domain but have various 

structures, functions and subcellular localizations (Dix et al., 2018; Planamente et al., 

2016; Zoued et al., 2016). P. aeruginosa TssA interacts with baseplate components 

and is proposed to serve as seed for assembly of the baseplate complex (Planamente 

et al., 2016). On the other hand, it also interacts with TagJ and ClpV. In contrast, 

Burkholderia cenocepacia and E. coli TssA seems to interact with almost all T6SS 

subassemblies (Dix et al., 2018; Zoued et al., 2016). E. coli TssA also coordinates 

copolymerization of sheath with inner tube (Zoued et al., 2016). Another TssA family 

member TagA sits at the membrane opposite of the baseplate and is required for 

ending sheath polymerization and stabilizing the extended sheath in E. coli (Santin 

et al., 2018; Szwedziak and Pilhofer, 2019). 

2.2.6. Effectors 

The T6SS effector protein repertoire is highly diverse and consists of anti-

prokaryotic (e.g. peptidoglycan hydrolases), anti-eukaryotic (e.g. actin crosslinkers) 

and trans-kingdom effectors (e.g. phospholipases) (Alcoforado Diniz et al., 2015; 

Lien and Lai, 2017). In addition, non-toxic T6SS effectors required for zinc, iron and 

manganese scavenging were reported (Lin et al., 2017; Si et al., 2017; Wang et al., 

2015). Cargo effectors are loaded on spike proteins VgrG, PAAR or Hcp by non-

covalent binding while evolved effectors are part of C-terminal domains of VgrG or 

PAAR proteins (Liang et al., 2015; Ma et al., 2017; Shneider et al., 2013; Unterweger 

et al., 2015). Since the spike complex consists only of three VgrGs and one PAAR 

protein, which each can load only a limited number of effectors, the maximum 

number of loaded effectors per firing event is small (Shneider et al., 2013). 

Consequently, repeated T6SS firing, precise and efficient effector translocation as 

well as highly potent effectors may be crucial for successful killing of target cells 

(LaCourse et al., 2018). 

Interestingly, some peptidoglycan hydrolases encode an internal secretion signal for 

Tat-dependent secretion in order to reach their target in periplasm as effectors may 
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be translocated into the cytoplasm of the target cell (Ho et al., 2017; Vettiger and 

Basler, 2016). In addition, some effectors have dedicated chaperones or adaptor 

proteins required for loading on the spike complex (Cianfanelli et al., 2016; Liang et 

al., 2015; Unterweger et al., 2015). How effector loading is regulated, and if the 

effector composition changes between firing events, is not known. However, T6SS 

effectors are often encoded in close proximity to their dedicated VrgG or PAAR 

proteins (Alcoforado Diniz et al., 2015; Dong et al., 2013; Ringel et al., 2017). 

Anti-prokaryotic effectors also have an immunity protein encoded down or upstream 

to prevent self-intoxication before translocation or intoxication by T6SS attacks of 

neighboring sister cells (Dong et al., 2013; Miyata et al., 2013; Ringel et al., 2017). 

Immunity proteins bind to cognate effectors in order to prevent their toxic activity 

(Li et al., 2012). Thus, they are localized to periplasm or cytosol depending on the 

target of the corresponding effectors (Russell et al., 2011). Interestingly, immunity 

proteins are expressed independently of the core T6SS cluster for immediate 

protection by T6SS attacks from neighboring cells (Miyata et al., 2013). In Proteus 

mirabilis, variable sets of effectors and cognate immunity proteins are used for 

discrimination between self and non-self in inter-strain competitions resulting in a 

visible boundary between two strains called “Dienes line” (Alteri et al., 2013; Dienes, 

1946).  

2.3.  Subcellular localization of T6SS 

The contact-dependent mode of action together with the few effector molecules 

translocated per firing event are drawbacks which bacteria must overcome to 

efficiently kill target cells in a T6SS dependent manner. In addition, even the most 

active T6SS are fired only once per minute (Basler and Mekalanos, 2012). Thus, 

different strategies evolved for highly precise aiming, for quick repositioning of the 

T6SS apparatus as well as for optimization of target range. 
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2.3.1. T6SS diversity in regard of activation, dynamics and 

subcellular localization 

Part of this chapter is published in the review “Assembly and Subcellular 

Localization of Bacterial Type VI Secretion System” in Annual Review of 

Microbiology 2019 (Wang et al., 2019) and is displayed here with permission from 

the Annual Review of Microbiology, Volume 73 © 2019 by Annual Reviews, 

http://www.annualreviews.org/. 

Up to date, four phylogenetically different T6SS subtypes are identified (Russell et 

al., 2014). Subtype T6SSi consists of the canonical, well-studied T6SS in P. 

aeruginosa and V. cholera. T6SS clusters in subtype T6SSi can be very diverse 

regarding effector repertoire and accessory proteins (Alcoforado Diniz et al., 2015; 

Boyer et al., 2009). Besides, multiple clusters of subtype T6SSi may be encoded on 

one genome. B. thailandensis encodes five different T6SS with distinct roles in 

targeting bacteria, host cells or manganese scavenging (Schwarz et al., 2010, 2014a; 

Si et al., 2017). T6SS in Francisella belongs to subtype T6SSii and lacks canonical 

T6SS components such as ClpV, TssA as well as TssE and TssG (Bröms et al., 2010; 

Russell et al., 2014). T6SS of Bacteroidetes phylum group in subtype T6SSiii which 

is characterized by a lack of membrane complex (Russell et al., 2014). Recently, a 

subtype T6SSiv was discovered in Amoebophilus, which also lacks a membrane 

complex as well as ClpV, but has a tail terminator as well as tape measure proteins 

similar to the ones in bacteriophages (Böck et al., 2017).  

Next to genetic diversity, differential T6SS regulation on a transcriptional, post-

transcriptional and post-translational level lead to highly diverse T6SS activity and 

dynamics patterns. In general, T6SS activity is regulated by controlling expression 

of the T6SS genes on a transcriptional or posttranscriptional level as a response to 

diverse environmental stimuli (Chen et al., 2015; Joshi et al.; Leung et al., 2011; 

Miyata et al., 2013). Strikingly, relative protein abundance of structural components 

is conserved in P. aeruginosa, V. cholerae and Acinetobacter baylyi despite of their 

different T6SS activation and dynamics patterns (see below) (Lin et al., 2019). 

However, some T6SS components in V. cholerae were proposed to be actively 

degraded suggesting additional post-translational regulation (Lin et al., 2019). These 
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findings highlight that single T6SS components can be differentially abundant 

despite of being part of the same genetic operon.  

Interestingly, live-cell imaging of TssB or ClpV dynamics showed that bacteria have 

different T6SS assembly patterns and may dynamically localize the T6SS within the 

bacterial cell. V. cholerae and Acinetobacter baylyi build several T6SS sheaths per 

cell and fire constantly in apparently random directions (Basler and Mekalanos, 

2012; Ringel et al., 2017). EAEC repeatedly assembles the Sci-1 T6SS at one or two 

apparently random positions within the cell (Durand et al., 2015). P. aeruginosa 

assembles one of its three T6SS within seconds of an attack from other bacteria at 

the site of the inflicted damage to quickly retaliate (Basler et al., 2013). The majority 

of Serratia marcescens cells assemble one T6SS sheath at random positions in the 

cell; however, they rely on regulated T6SS assembly for efficient killing of prey cells 

(Gerc et al., 2015; Ostrowski et al., 2018). In addition, intracellular pathogens F. 

novicida and B. thailandensis assemble their anti-eukaryotic T6SS on the poles 

(Brodmann et al., 2017; Schwarz et al., 2014). 

2.3.2. Threonine Phosphorylation Pathway Mediates T6SS 

Repositioning 

This chapter including subchapters and figure is published in the review “Assembly 

and Subcellular Localization of Bacterial Type VI Secretion System” in Annual 

Review of Microbiology 2019 (Wang et al., 2019) and is displayed here with 

permission from the Annual Review of Microbiology, Volume 73 © 2019 by Annual 

Reviews, http://www.annualreviews.org/. 

The first example of posttranslational regulation of T6SS assembly by a threonine 

phosphorylation pathway (TPP) was described in P. aeruginosa (Mougous et al., 

2007). Later, TPPs were shown to regulate initiation and positioning of T6SS 

assembly in several organisms (figure 15) (Basler et al., 2013; Fritsch et al., 2013; 

Lin et al., 2014; Ostrowski et al., 2018). TPPs have a sensor module that senses a 

signal and activates a kinase (PpkA). An activated kinase then phosphorylates a target 

protein, which in turn initiates T6SS assembly. Finally, a phosphatase (PppA) 

dephosphorylates the target protein and thus prevents further T6SS assembly 
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initiation. P. aeruginosa cluster H1-T6SS encodes a complete TPP with a sensor 

module composed of TagQ/TagR/TagS/TagT; a kinase PpkA phosphorylating Fha; 

and a cognate phosphatase, PppA. Other species like S. marcescens and A. 

tumefaciens possess only PpkA, PppA, and Fha. In addition, T6SS assembly in these 

three organisms is blocked by TagF, and deactivation of TagF can trigger T6SS 

assembly in a TPP-independent manner (Lin et al., 2014, 2018; Ostrowski et al., 

2018; Silverman et al., 2011). 

Figure 15: Posttranslational regulation of T6SS activity. A) In Pseudomonas aeruginosa (purple), membrane damage 

(lightning bolt) leads to activationof PpkA by TagQ/TagR/TagS/TagT and to phosphorylation of Fha. Phosphorylated Fha 

multimerizes and promotes T6SS assembly. PppA dephosphorylates Fha and stops T6SS assembly. TagF represses T6SS 

activity independently of the threonine phosphorylation pathway by interacting with Fha. (b) In Serratia marcescens (yellow), 

PpkA interacts with RtkS and subsequently phosphorylates Fha, which multimerizes and activates T6SS assembly. PppA 

dephosphorylates Fha and thus blocks T6SS activity. TagF blocks T6SS activity, likely by acting on the membrane complex. 

(c) In Agrobacterium tumefaciens (green), PpkA phosphorylates TssL, which triggers a conformational change in TssM and

ATP hydrolysis. Binding of Fha to phosphorylated TssL induces T6SS activity. TagF-PppA blocks T6SS activity by interaction 

with Fha. Abbreviations: IM, inner membrane; OM, outer membrane; PG, peptidoglycan. Source: Wang et al., 2019 with 

permission from the Annual Review of Microbiology, Volume 73 © 2019 by Annual Reviews, http://www.annualreviews.org/. 
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2.3.2.1.  Signal sensing and kinase activation 

The sensor module TagQ/TagR/TagS/TagT in P. aeruginosa was shown to be 

required for sensing T6SS attacks from either sister cells or other bacteria as well as 

cell envelope stress induced by polymyxin B, the type 4 secretion system, chelation 

of ions, or extracellular DNA (Basler and Mekalanos, 2012; Basler et al., 2013; Ho 

et al., 2013; Wilton et al., 2016). Lipoprotein TagQ with a conserved lipobox is 

anchored to the periplasmic side of the OM and binds periplasmic TagR (Casabona 

et al., 2013). Interaction of TagR with the periplasmic domain of PpkA might result 

in activation of its kinase activity (Hsu et al., 2009). This suggests that TagQ might 

be sequestering TagR to the OM to prevent its binding to PpkA and thus T6SS 

activation; however, TagQ likely has an additional role since deletion of either TagQ 

or TagR prevents T6SS assembly (Casabona et al., 2013). 

The components TagS and TagT form a putative ABC transporter with homology to 

the Lol complex, which transports lipoproteins (Narita and Tokuda, 2006). TagS 

forms an integral membrane protein with a long periplasmic loop, and TagT is an 

ATPase and contains Walker A and B motifs, which are required to hydrolyze ATP 

in vitro (Casabona et al., 2013). TagS or TagT is required for full T6SS activation 

(Basler et al., 2013; Casabona et al., 2013); however, despite homology to the Lol 

complex, it is unclear whether TagS and TagT transport any substrates. An obvious 

candidate would be TagQ or TssJ; however, deletion of TagS and TagT does not 

seem to alter their membrane localization (Casabona et al., 2013). 

In S. marcescens, periplasmic RtkS (regulator of T6SS kinase in Serratia) was shown 

to be required for efficient killing of prey cells but dispensable for T6SS activity in 

liquid culture. Signals sensed by RtkS are unknown, and it is also unclear whether 

RtkS directly interacts with PpkA; however, deletion of rtkS resulted in 

destabilization and degradation of PpkA (Ostrowski et al., 2018). 

The serine/threonine kinase PpkA is an IM protein with a periplasmic domain and 

cytosolic kinase domain. PpkA may be activated by interaction with a periplasmic 

protein (e.g., TagR) that results in PpkA dimerization. The PpkA dimer 

autophosphorylates and activates T6SS assembly by phosphorylating a T6SS 

component (Fritsch et al., 2013; Hsu et al., 2009; Lin et al., 2014; Motley and Lory, 

1999; Mougous et al., 2007). While the kinase domain is conserved, the structure of 
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the periplasmic domain differs between S. marcescens and P. aeruginosa (Fritsch et 

al., 2013). This is likely because each PpkA responds to a different signal and binds 

a different periplasmic protein. 

2.3.2.2.  Activation of T6SS assembly by protein phosphorylation 

In both P. aeruginosa and S. marcescens, activated PpkA phosphorylates Fha, which 

likely recognizes phosphorylated PpkA via its FHA domain, known to bind 

phosphopeptides (Mougous et al., 2007). However, it is unclear how phosphorylation 

of Fha promotes T6SS assembly (Hsu et al., 2009; Mougous et al., 2007; Ostrowski 

et al., 2018). Interestingly, Fha forms foci in P. aeruginosa independently of its 

phosphorylation status (Mougous et al., 2007); however, membrane-anchored PpkA 

is still required for formation of these foci (Hsu et al., 2009). This suggests that PpkA 

might have an additional structural role in Fha foci formation and T6SS assembly 

initiation. In P. aeruginosa, Fha phosphorylation is increased when cells are 

incubated on a solid surface, suggesting that cell-cell interactions result in PpkA 

activation (Casabona et al., 2013). This activation might be a consequence of T6SS 

dueling between sister cells (Basler and Mekalanos, 2012). In contrast, the majority 

of Fha in S. marcescens is phosphorylated also in liquid culture, where there are 

minimal or no cell-cell interactions (Fritsch et al., 2013). 

In A. tumefaciens, PpkA phosphorylates the membrane complex component TssL, 

leading to a conformational change in TssM (Lin et al., 2014). TssM is an IM ATPase 

with Walker A and B motifs, and the conformational change triggers ATP hydrolysis. 

However, TssL-TssM interaction is independent of ATPase activity of TssM (Ma et 

al., 2012). Phosphorylated TssL interacts with Fha, and the Fha-pTssL complex 

promotes recruitment of secretion substrates Hcp and effector Atu4347 to TssL (Lin 

et al., 2014). It is unclear how ATPase activity of TssM is involved in recruiting the 

secreted proteins and whether formation of this complex requires additional proteins 

(Lin et al., 2014; Ma et al., 2012). TssM of P. aeruginosa, V. cholerae, and 

Edwardsiella tarda also contains Walker A and B motifs (Ma et al., 2012); however, 

ATP hydrolysis does not seem to be important for T6SS activity in E. tarda (Zheng 

and Leung, 2007). 
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An interesting case is Vibrio alginolyticus, which uses the TPP of its second T6SS 

cluster to regulate T6SS assembly as well as gene expression. As in A. tumefaciens, 

PpkA phosphorylates TssL, which results in binding of Fha and an increase in T6SS 

activity. In addition, PpkA phosphorylates a non-T6SS substrate, VtsR. 

Phosphorylated VtsR activates LuxO and subsequently promotes expression of 

T6SS-2 and quorum sensing (Yang et al., 2018). 

2.3.2.3.  T6SS assembly deactivation 

In P. aeruginosa and S. marcescens, phosphatase PppA is responsible for 

dephosphorylation of Fha and thus shutting down T6SS activity. Since T6SS activity 

is low in P. aeruginosa, deletion of PppA results in an increase of T6SS activity and 

Hcp secretion (Basler et al., 2013; Casabona et al., 2013; Hsu et al., 2009; Mougous 

et al., 2007). However, in S. marcescens, deletion of PppA does not increase Hcp 

secretion in liquid medium, suggesting that the system is already at maximum 

activity. Interestingly, in both species, pppA deletion strains repeatedly assemble 

T6SS at the same location within the cells for several rounds of firing (Basler et al., 

2013; Ostrowski et al., 2018). This has a major consequence for interaction with 

competing bacteria, because a P. aeruginosa pppA-negative strain cannot distinguish 

between T6SS-positive attackers and T6SS-negative bystander cells and kills both to 

a similar extent. Importantly, the killing rate of T6SS-positive attackers by a pppA-

negative strain is low, even though a pppA-negative strain secretes significantly more 

effectors than the wild-type strain (Basler et al., 2013; Ho et al., 2013). A similar 

observation was also made for S. marcescens, where a pppA-negative strain kills prey 

cells poorly despite high T6SS activity (Fritsch et al., 2013; Ostrowski et al., 2018). 

This suggests that PppA activity is important to preventing excessive firing of T6SS 

in one direction and by stopping the assembly allows T6SS to reposition to a new 

subcellular location upon sensing a signal, which in turn is required for efficient 

killing of target cells. 
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2.3.3. TPP-independent regulation 

This chapter is published in the review “Assembly and Subcellular Localization of 

Bacterial Type VI Secretion System” in Annual Review of Microbiology 2019 (Wang 

et al., 2019) and is displayed here with permission from the Annual Review of 

Microbiology, Volume 73 © 2019 by Annual Reviews, 

http://www.annualreviews.org/. 

In addition to the TPP, TagF regulates T6SS assembly in P. aeruginosa and S. 

marcescens, by a poorly understood mechanism. For P. aeruginosa, it was shown 

that TagF sequesters Fha to prevent T6SS assembly (Lin et al., 2018), and indeed, 

deletion of TagF activates T6SS even in the absence of TagQ/TagR/TagS/TagT and 

PpkA (Silverman et al., 2011). Importantly, even strains lacking TPP, like V. 

cholerae, also require Fha for T6SS activity, suggesting that Fha is an important 

scaffold protein for assembly of other T6SS components (Zheng et al., 2011). 

Similarly to the case of P. aeruginosa, when tagF is deleted in the ppkA-negative 

strain of S. marcescens, T6SS assembly is restored. It is, however, unclear whether 

TagF interacts with Fha or other T6SS components. 

In A. tumefaciens, TagF and PppA are fused into a single polypeptide; however, both 

independently block T6SS activity (Lin et al., 2014, 2018). The TagF domain binds 

Fha; however, this seems insufficient to prevent T6SS assembly, as a TagF domain 

mutant, which is still able to bind Fha, loses its ability to repress T6SS activity. This 

suggests that the TagF domain is also involved in Fha-independent repression (Lin 

et al., 2018). Similarly to the case of S. marcescens, efficiency of target-cell killing 

is decreased in the absence of PpkA and TagF-PppA even though the overall T6SS 

activity remains high (Lin et al., 2018), suggesting that TPP components and TagF 

are important for sensing prey cells and/or repositioning the T6SS apparatus. 



I. INTRODUCTION

36 

2.3.4. Regulation of T6SS localization by peptidoglycan-cleaving 

enzymes 

This chapter is published in the review “Assembly and Subcellular Localization of 

Bacterial Type VI Secretion System” in Annual Review of Microbiology 2019 (Wang 

et al., 2019) and is displayed here with permission from the Annual Review of 

Microbiology, Volume 73 © 2019 by Annual Reviews, 

http://www.annualreviews.org/. 

Many cell envelope–spanning complexes, like flagella, the T3SS, or the T4SS, 

require specialized lytic transglycosylases for insertion into the peptidoglycan layer 

(Dik et al., 2017; Scheurwater and Burrows, 2011; Typas et al., 2011). Interestingly, 

two dedicated peptidoglycan-cleaving enzymes were shown to be required for T6SS 

assembly, and thus their control in response to certain signals or stimuli might, in 

principle, allow for dynamic localization of T6SS assembly. EAEC requires the 

general lytic transglycosylase MltE to insert membrane complexes of the Sci-1 T6SS. 

The lipoprotein MltE is located at the OM and interacts with the periplasmic domain 

of TssM. How MltE is activated by TssM and whether additional components are 

required is unknown (Santin and Cascales, 2017). In Acinetobacter, the L,D-

endopeptidase TagX is encoded in the T6SS cluster and is required for T6SS activity 

(Ringel et al., 2017; Weber et al., 2016). Since T6SS assembles at low frequency also 

in a tagX-negative strain, it is likely that additional mechanisms allow for assembly 

initiation or peptidoglycan cleavage and that TagX is only required for integration of 

the T6SS apparatus into the peptidoglycan layer and not for T6SS function (Ringel 

et al., 2017). 

2.3.5. Polar localization 

This chapter is published in the review “Assembly and Subcellular Localization of 

Bacterial Type VI Secretion System” in Annual Review of Microbiology 2019 (Wang 

et al., 2019) and is displayed here with permission from the Annual Review of 

Microbiology, Volume 73 © 2019 by Annual Reviews, 

http://www.annualreviews.org/. 
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B. thailandensis and F. novicida were shown to assemble a polarly localized T6SS

required for host-pathogen interactions (Brodmann et al., 2017; Schwarz et al., 2014).

B. thailandensis T6SS-5 is required for formation of a multinucleated giant cell

(French et al., 2011; Schwarz et al., 2010, 2014; Toesca et al., 2014), while F.

novicida requires the T6SS for phagosomal escape and assembles one polar T6SS

per cell in vitro and inside macrophages (Brodmann et al., 2017; Bröms et al., 2010).

For the T6SS, sheath length defines the reach of T6SS attack, as the sheath contracts

to half of its extended length (Basler et al., 2012). Therefore, polar T6SS assembly

might allow assembly of longer sheaths in rod-shaped bacteria and thus increase

efficiency of effector delivery. In the case of F. novicida it would be delivery across

a phagosomal membrane, and in the case of B. thailandensis it would be the ability

to induce membrane fusion of neighboring host cells. However, polar localization

could also be required for coordination with other polarly localized complexes such

as adhesins or pili to bring the target membrane closer to the bacterial cell and thus

facilitate protein translocation by the T6SS.

2.4. T6SS model organisms 

The T6SS is widespread among Gram-negative bacteria and the core components are 

mostly conserved. Nevertheless, T6SS dynamics and activation as well as subcellular 

localization vary largely in different bacteria and it is poorly understood what causes 

these differences. In order to further elucidate these spatio-temporal regulation 

mechanisms, I chose P. aeruginosa and Francisella novicida, both with unique T6SS 

dynamics to study different T6SS activation patterns and subcellular localizations. 

2.4.1. Pseudomonas aeruginosa 

P. aeruginosa is an environmental Gram-negative bacterium found ubiquitously in

soil and water. It is also associated with different diseases such as cystic fibrosis and

pneumonia as opportunistic human pathogen and causes life-threatening infections

(Moradali et al., 2017). P. aeruginosa is capable to occupy many niches due to its

sophisticated regulatory networks and array of virulence factors including a broad

range of soluble antimicrobials as well as TypeIVa pili, T3SS and T6SS (Mathee et

al., 2008; Moradali et al., 2017). High tolerance and persistence to antibiotics as well
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as intrinsic and acquired antibiotic resistance mechanisms make P. aeruginosa one 

of the major threats for public health in future (Breidenstein et al., 2011; Hancock 

and Speert, 2000). 

P. aeruginosa encodes three T6SS clusters (H1-H3) (Mougous et al., 2006). H1-

T6SS has anti-prokaryotic properties, while H2-T6SS and H3- T6SS encode anti-

prokaryotic as well as anti-eukaryotic effectors (Basler et al., 2013; Lesic et al., 2009;

Mougous et al., 2006; Russell et al., 2013; Sana et al., 2015). All three T6SS clusters

are differentially transcriptionally regulated by quorum sensing (Lesic et al., 2009).

Besides, H1-T6SS (hereafter T6SS) is controlled on a post-transcriptional level by

LadS and RetS in a reciprocal manner (Mougous et al., 2006). LadS leads to

activation of the two-component signaling cascade GacS/GacA, which results in

transcription of two small regulatory RNAs (srRNA) RsmY and RsmZ. These two

srRNAs antagonize RsmA, which inhibits translation of T6SS genes among many

others. Therefore inhibition of RsmA yields in upregulated T6SS expression (Brencic

and Lory, 2009). Since T6SS is only expressed upon surface contact in a LadS/GacS

dependent manner, wild type cells rarely assemble T6SS under laboratory conditions.

For this reason, most T6SS studies are carried out in a ΔretS background, in which

the repressor RetS of GacS is deleted and thus the antibacterial T6SS cluster

overexpressed (Goodman et al., 2004; Mougous et al., 2006).

In contrast to all other studied T6SS model organisms, P. aeruginosa uses the T6SS 

as defensive weapon and only assembles T6SS if envelope stress is sensed (Basler 

and Mekalanos, 2012; Basler et al., 2013; Ho et al., 2013; Wilton et al., 2016). P. 

aeruginosa senses envelope stress within seconds, which may be caused by a T6SS 

attack of a neighboring cell, and strikes back at the attacker with great precision 

(Basler et al., 2013; Vettiger and Basler, 2016). This “tit-for-tat” behavior depends 

on the TPP described in chapter 2.3.2. However, in order to strike back, P. 

aeruginosa must survive initial T6SS attacks. It is not known how this defensive 

strategy evolved and what makes P. aeruginosa resilience to initial T6SS attacks. 
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Figure 16: T6SS dueling between neighboring P. aeruginosa cells. T6SS activity in P. aeruginosa ΔretS clpV-sfgfp is 

monitored by live-cell fluorescence microscopy. T6SS activation of one cell triggers T6SS dependent retaliation of the 

neighboring cell. Arrows mark contraction of T6SS sheaths. Source: Adapted from Basler and Mekalanos, 2012. Reprinted 

with permission from AAAS. 

Due to T6SS overexpression in the ΔretS background, accidental firings may happen 

leading to a quick counterattack of neighboring sister cells. This phenomenon of 

sensing a T6SS attack and firing back between sister cells is called dueling (figure 

16) (Basler and Mekalanos, 2012). This defensive T6SS strategy allows co-existence

for other species with P. aeruginosa as long as they do not inflict any harm (Basler

et al., 2013).

2.4.2. Francisella novicida 

The Gram-negative bacterium Francisella tularensis causes the zoonotic disease 

tularemia. Tularemia manifests in swollen lymph nodes and fever, and may be deadly 

if not treated (McLendon et al., 2006). Four subspecies of F. tularensis exist; 

subspecies tularensis, subspecies holarctica, subspecies novicida and subspecies 

mediasiatica (Keim et al., 2007). The most virulent subspecies are F. tularensis 

subspecies tularensis (hereafter F. tularensis), which is predominately found in 

North America, and F. tularensis subspecies holarctica (hereafter F. holarctica), the 

major cause of tularemia in Europe (Keim et al., 2007). For F. tularensis, 10 colony-

forming units (CFU) are enough to causes disease, which may have a mortality rate 

up to 60 % if left untreated (Kingry and Petersen, 2014). This high infectivity 

together with easy transmission by aerosols and arthropod vectors led to the 

classification of F. tularensis as potential bioweapon (Oyston et al., 2004). On the 

other hand, F. tularensis subspecies novicida (hereafter F. novicida) only infects 

immuno-compromised humans and rodents (Kingry and Petersen, 2014).  

The primary niche of Francisella are phagocytic cells such as macrophages. Once 

taken up by host cells, Francisella delays phagolysosome maturation and escapes 

from acidified phagosomes, which acquired early and late endosomal markers such 
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as LAMPs (Santic et al., 2005). In the cytosol, Francisella reaches its replicative 

niche and replicates to high number until host cell death occurs (Chong and Celli, 

2010). However, it is not clear if phagosomal acidification triggers Francisella 

phagosomal escape as there are conflicting reports (Chong et al., 2008; Clemens et 

al., 2009; Santic et al., 2008). Interestingly, Francisella does not escape into the 

cytosol in infected amoeba but resides inside non-acidified vacuoles (Ozanic et al., 

2015; Santic et al., 2011). Nevertheless, Francisella survival in amoeba is still 

dependent on the FPI (Ozanic et al., 2015). 

Cytosolic replication of Francisella allows the host cell to mount anti-microbial 

immune defenses such as type1 interferons, guanylate-binding proteins and the 

Absent in melanoma 2 (AIM2) inflammasome (Henry et al., 2007; Jones et al., 2010; 

Meunier et al., 2015). The AIM2 inflammasome recognizes double-stranded DNA 

and acts as activation platform for caspase-1 leading to a cell death called pyroptosis 

and pro-inflammatory cytokine release (Fernandes-Alnemri et al., 2010). On the 

other hand, Francisella has different mechanisms to evade the immune system. 

Francisella LPS modifications to avoid the immune system include tetraacylated 

instead of hexaacylated Lipid A, longer acyl chains (16-18 carbons instead of 12-14) 

and masked phosphorylation of sugar backbones (Gunn and Ernst, 2007; Hajjar et 

al., 2006; Kanistanon et al., 2012). In addition, F. tularensis expresses a capsule and 

actively suppresses all pro-inflammatory signaling (Apicella et al., 2010; 

Kirimanjeswara et al., 2008; Lindemann et al., 2011). On the other hand, F. novicida 

fails to avoid immune recognition (Kingry and Petersen, 2014; Lagrange et al., 2018). 

In general, pathogenicity of the four Francisella subspecies correlates with the 

successful evasion from the immune system. Astonishingly, F. novicida uses 

CRISPR/Cas9 to downregulate a lipoprotein with unknown function during infection 

in order to enhance integrity of the bacterial cell envelope and prevent inflammasome 

activation (Jones et al., 2012; Ratner et al., 2019; Sampson et al., 2014).  
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2.4.2.1.  The Francisella pathogenicity island 

Essential for phagosomal escape, intracellular survival and thus infectivity is the 

Francisella pathogenicity island (FPI) (figure 17) (Bröms et al., 2010). Interestingly, 

F. tularensis and F. holarctica encode two identical FPIs which can complement

each other, while F. novicida only encodes one FPI (Golovliov et al., 2003; Larsson

et al., 2009; Nano et al., 2004). Thus, F. novicida is often used as model organism

for studying the FPI. Furthermore, FPI gene anmK is likely expressed as two separate

open reading frames in F. tularensis while the full-length proteins is expressed in F.

novicida (Nano and Schmerk, 2007). In F. holarctica, anmK is missing and pdpD

truncated and likely not functional (Ludu et al., 2008; Nano and Schmerk, 2007). On

the other hand, F. novicida encodes an additional putative T6SS cluster called

Francisella novicida island (FNI) (Larsson et al., 2009; Rigard et al., 2016). Many

studies showed that disruption of single FPI genes by transposon mutagenesis or with

in-frame deletions results in defects in phagosomal escape and intracellular survival

defects inside host cells (Ahlund et al., 2010; Bönquist et al., 2008; Brunton et al.,

2015; Gray et al., 2002; Kraemer et al., 2009; Meyer et al., 2015; Santic et al., 2005;

Su et al., 2007). Yet, the relevance of pdpD may vary in different subspecies and for

pdpE and anmK deletions no decrease in virulence was observed (Bröms et al., 2011;

de Bruin et al., 2011; Ludu et al., 2008).

Figure 17: Schematic overview of Francisella pathogenicity island (FPI) encoding a non-canonical T6SS. Black genes are 

structural T6SS components. Secreted components are drawn in green and effectors in magenta. White components have 

unknown function. Unfoldase responsible for recycling of contracted sheath subunits is depicted in blue. F. novicida FPI 

nomenclature is shown with the corresponding canonical T6SS nomenclature below. Source: Brodmann et al., 2017, licensed 

under Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
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FPI transcription is regulated by at least six regulatory proteins involved in different 

pathways (Bröms et al., 2010). MglA and SspA are members of the stringent 

starvation response pathway and induce expression of FevR among others (Baron 

and Nano, 1998; Brotcke et al., 2006). Then, MglA, SspA and FevR form a complex 

in the presence of the alarmone ppGpp and induce FPI gene expression (Brotcke and 

Monack, 2008). MigR indirectly induces FPI gene expression through FevR (Buchan 

et al., 2009). In addition, the two-component signaling cascade PmrA/KpdD is 

involved in inducing FPI gene expression (Bell et al., 2010). Moreover, Hfq 

negatively represses a subset of FPI genes (pdpA-iglJ) concluding that the FPI 

consists of two operons (pdpA-iglJ and pdpD-iglD) (Meibom et al., 2009). How 

environmental stimuli modulate theses different transcriptional regulators is not 

known. However, there are several reports suggesting cues encountered during host 

cell infection such as iron depletion, oxidative stress or uptake of host cell arginine 

may upregulate iglC expression (Deng et al., 2006; Lenco et al., 2005; Ramond et 

al., 2015). Interestingly, transcription of FPI genes reaches its maximum 24 h post 

infection whereas phagosomal escape normally occurs 1 to 4 hours post infection 

(Wehrly TD et al., 2009). 

Although the importance of the FPI for intracellular survival was recognized more 

than 20 years ago (Golovliov et al., 1997), it was only recently established that the 

FPI encodes a non-canonical T6SS (Bingle et al., 2008; de Bruin et al., 2007). FPI 

genes have only little homology to canonical T6SS core components and important 

components such as ClpV are missing. On the other hand, the FPI encodes additional 

genes with unknown function (Bingle et al., 2008). Therefore, T6SS function as well 

as T6SS dynamics were initially questionable. In chapter 3.4, I will characterize 

Francisella T6SS dynamics and reveal that general purpose unfoldase ClpB, a close 

homolog of ClpV, recycles contracted T6SS sheaths in Francisella (Brodmann et al., 

2017). 

Nevertheless, the structure of the contracted T6SS sheath consisting of IglA and IglB 

subunits looks overall similar to canonical contracted T6SS sheaths (Clemens et al., 

2015; Kudryashev et al., 2015; Salih et al., 2018). Also, tube protein IglC has a 

similar fold as canonical Hcp despite of having no detectable sequence 

homology(Sun et al., 2007). Francisella membrane complex consists of IglE (TssJ), 

PdpB (TssM) and DotU (TssL) (de Bruin et al., 2011; Nguyen et al., 2014). PdpB 
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sits in the IM and bridges through periplasm (de Bruin et al., 2011; Nguyen et al., 

2014). The C-terminus of PdpB interacts with lipoprotein IglE located at the OM 

despite lacking an aspartate at position 2 after the cleavage site (Nguyen et al., 2014). 

PdpB also interacts with IM protein DotU. Noteworthy to mention is that DotU is 

required for PdpB stability (de Bruin et al., 2011). 

Francisella homologs of baseplate components based on bioinformatics analysis 

include IglH (TssE) and IglD (TssK), still homologs of TssF and TssG are missing 

although they are essential for canonical T6SS assembly (Brunet et al., 2015; Rigard 

et al., 2016). 

The spike complex consists of VgrG and IglG (PAAR). Francisella VgrG contains 

only the structural C-terminal part of canonical VgrGs and lacks additional C-

terminal domains with enzymatic activity (Bröms et al., 2010; Rigard et al., 2016). 

Interestingly, PdpA, a FPI component with unknown function, was shown to cap a 

trimer of VgrG in vitro, suggesting that PdpA may substitute the lacking N-terminal 

part of canonical VgrG (Eshraghi et al., 2016). Indeed, PdpA was found to be 

secreted together with VgrG in a T6SS dependent manner (Eshraghi et al., 2016). 

The PAAR motif in IglG is not strictly conserved, however, the structure of IglG is 

also coordinated by either a zinc or iron similar to canonical PAAR proteins (Rigard 

et al., 2016; Shneider et al., 2013). Also, IglG was shown to interact with IglF, 

another FPI component with unknown function, by a N-terminal helix (Rigard et al., 

2016). 

Identified secreted FPI components include IglC, VgrG, PdpA, PdpD and PdpC as 

well as OpiA and OpiB1-3 encoded outside of the FPI (Eshraghi et al., 2016). While 

IglC, VgrG and PdpA are likely purely structural components, the others may be 

effector proteins. Indeed, PdpC and PdpD are essential for phagosomal escape and 

intracellular survival (Ludu et al., 2008; Uda et al., 2014). Moreover, electron 

microscopy revealed that a pdpC deletion mutant is still partially covered by 

phagosomal membranes while a iglC deletion mutant resided in an intact vacuole 

(Lindgren et al., 2013). Since PdpC and PdpD have no homologs, it remains to be 

elucidated how they promote phagosomal escape and intracellular survival. In 

contrast, OpiA was shown to be a bacterial phosphatidylinositol 3-kinase, which is 

required to delay phagosomal maturation (Ledvina et al., 2018). Yet, activity of OpiA 

likely overlaps with other effector proteins as for example PdpC, since single opiA 
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deletion does not inhibit phagosomal escape (Eshraghi et al., 2016; Ledvina et al., 

2018). 

IglI and IglJ have both unknown function but are required for Francisella virulence 

(Bröms et al., 2011; Long et al., 2013).  
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II. AIM OF RESEARCH

Over 25 % of all sequenced Gram-negative bacteria encode at least one T6SS. These 

bacteria all live in diverse habitats. Different T6SS evolved for various types of 

antagonistic interactions, which are directed either against other prokaryotes or 

against eukaryotes. Despite of being a major virulence factor for inter-bacterial 

competition as well as for host-pathogen interactions, T6SS mode of action has 

serious drawbacks. First, T6SS dependent killing is contact dependent. Therefore, 

there is a limited reach for targeting competitors and the chances of being hit are 

high, too. Second, only few effector molecules are secreted per translocation event. 

Thus, T6SS dynamics are crucial for repeated firings in order translocate enough 

effectors. Third, the contracted sheath needs to be recycled and a part of the inner 

tube as well as the whole spike complex is lost during secretion and must be re-

synthesized. Hence, each firing event should be as precise as possible for efficient 

translocation and minimizing costs. 

Recent advances in live-cell fluorescence microscopy and super resolution 

microscopy allow precise subcellular localization of proteins in bacteria. Thereby it 

becomes evident that T6SS activity, dynamics and subcellular localization are 

remarkably diverse. This diversity in spatio-temporal regulation of T6SS firing likely 

reflects different strategies to resolve the above-mentioned drawbacks of T6SS. 

Nevertheless, it is poorly understood what causes these differences in T6SS dynamics 

and how subcellular localization is achieved, maintained and regulated. 

This doctoral thesis aims at understanding how different spatial-temporal regulations 

of T6SS activity are achieved and what the consequences of different subcellular 

localizations are. In order to understand how certain bacteria dynamically localize 

T6SS to increase translocation efficiency, we will investigate the unique post-

translational regulation mechanism called Threonine phosphorylation pathway (TPP) 
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in P. aeruginosa. TPP is required for rapid localization of attackers and for quick 

T6SS dependent retaliation. In detail, we will change subcellular localization of one 

TPP component and assess the change in T6SS activity and localization by live-cell 

fluorescence microscopy. Furthermore, we will investigate in silico when P. 

aeruginosas tit-for-tat T6SS strategy is successful for killing attackers, which exploit 

a constitutive active T6SS such as V. cholerae, and compare the in silico results with 

experimental data. 

Next, we aim at characterizing the unique FPI architecture in F. novicida. Especially, 

we want to answer the question if and how Francisella T6SS is dynamic despite 

lacking the canonical ATPase required for recycling of contracted sheaths. By 

assessing T6SS dynamics and virulence in vitro and in vivo in single deletion 

mutants, we will gain insights in order to group unknown components into structural 

components and putative effector proteins. Furthermore, since Francisella T6SS has 

anti-eukaryotic activity and many secretion systems required for host-pathogen 

interactions are localized at bacterial poles, we want to determine the subcellular 

localization of Francisella T6SS. In order to identify the subcellular localization, we 

will analyze membrane complex dynamics with live-cell fluorescence microscopy 

by labelling single components in combination with different deletions. These results 

will provide insights about the hierarchy of membrane complex assembly and about 

which components are crucial for subcellular localization. In case Francisella T6SS 

is also polar, we aim at understanding how polar localization is achieved and whether 

there is a biological role for this specific subcellular localization. To answer these 

questions, we would need to find the mechanisms localizing Francisella T6SS to the 

poles. Therefore, we would make single deletions of components known to localize 

to the poles in other bacteria and analyze subcellular localization of Francisella T6SS 

in these mutants. Moreover, since Francisella T6SS is exclusively required for host-

pathogen interactions, we aim at establishing an easy to use infection model for 

Francisella T6SS research. Thus, we will use Galleria mellonella larvae and 

characterize the contribution of single FPI components to Francisella virulence in 

these larvae.  
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Introduction 

The threonine phosphorylation pathway (TPP) including the sensor module 

TagQ/R/S/T enables Pseudomonas aeruginosa to sense T6SS attacks and to launch 

quick counterattacks (Basler et al., 2013). A detailed description is found in chapter 

3.2.3. Furthermore, P. aeruginosa senses not only T6SS attacks with this signaling 

cascade but also various envelope stresses induced by polymyxin B, Type 4 secretion 

system, chelation of ions or extracellular DNA (Basler and Mekalanos, 2012; Basler 

et al., 2013; Ho et al., 2013; Wilton et al., 2016). Therefore, it is possible that P. 

aeruginosa detects and localizes membrane perturbation or LPS rearrangement. 

However, it is not clear how the spatial and temporal information integrated by the 

TPP leads to a highly precise retaliation. Besides, the interplay between 

TagQ/TagR/TagS/TagT and PpkA and the detailed mode of action how membrane 

damage is sensed is not elucidated to date.  

In recent years, a membrane damage sensing system in E. coli was discovered. 

Normally, lipoprotein RcsF is transported to the inner leaflet of the outer membrane 

by the chaperone LolA and then is shuffled together with OmpA to the cell surface 

by BamA. Upon envelope stress, RcsF fails to bind BamA and is exposed to 

periplasm, where IgaA binds RcsF and initiates the downstream Rcs cascade (Cho et 

al., 2014). In P. aeruginosa TPP, lipoprotein TagQ is anchored to the outer 

membrane and sequesters TagR in periplasm (Casabona et al., 2013) analogous to 

BamA sequestering RcsF (Cho et al., 2014). In addition, TagQ, is about 60 times 

more abundant than other members of the TPP suggesting that TagQ could serve as 

a sink for TagR (Lin et al., 2019). Therefore, we hypothesized that translocation of 

TagQ or TagR from outer to inner membrane due to membrane damage may lead to 

activation of the TPP. 
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Results 

To test this idea, we changed the native N-terminal signal sequences of TagQ and 

TagR in order to achieve different subcellular localizations. The LipoP algorithm 

(Juncker et al., 2003) was used to determine the N-terminal signal sequence of TagQ 

and TagR (figure 1). The prediction revealed that the native TagQ N-terminal signal 

sequence is cleaved between G29 and C30. In accordance with this prediction, it is 

described that C30 is required to anchor TagQ to the outer membrane (Casabona et 

al., 2013). The N-terminal signal sequence of TagR is presumably cleaved between 

A23 and E24. New N-terminal signal sequences were designed in order to target 

outer membrane, periplasm, inner membrane and cytosol (figure 1). For outer 

membrane localization, the signal sequence of TagQ was used to replace the native 

N-terminal signal sequence of TagR. Periplasmic localization was achieved for both

TagQ and TagR by replacing the native N-terminal signal sequences with the N-

terminal signal sequence of Tsi1, the periplasmic immunity protein of Tse1 (Russell

et al., 2011). For targeting the inner membrane, the 2+ rule was applied, which

concludes that the second amino acid after the cleavage site determines lipoprotein

translocation to outer or inner membrane in Escherichia coli (Seydel et al., 1999).

The second amino acid after the cleavage site in TagQ is an alanine, which should

result in outer membrane localization according the 2+ rule. This prediction was in

accordance with experimentally determined outer membrane localization of TagQ

(Casabona et al., 2013). Therefore, the native N-terminal signal sequences of TagQ

and TagR were replaced with a modified TagQ signal sequence, in which the second

amino acid after the cleavage site was substituted to an aspartate (D). Cytosolic

localization was achieved by removing the N-terminal signal sequences.

pPSV35 expression plasmid, which is isopropyl-β-D-thiogalactopyranosid (IPTG) 

inducible (Rietsch et al., 2005), was used to express the different TagQ and TagR 

constructs in P. aeruginosa PAO1ΔretS clpV-sfGFP ΔtagQ or ΔtagR respectively. 

ΔretS background leads to upregulated T6SS activity (Mougous et al., 2006) and 

ensures that enough T6SS assemblies take place during experiments. Deletion of 

tagQ or tagR abolishes T6SS activity completely (Casabona et al., 2013), therefore 

the capability of the different constructs to restore T6SS activity was assessed by 

monitoring ClpV-sfGFP dynamics. In addition, dueling was quantified as a measure 

how well the different strains are able to sense T6SS attacks. Dueling was defined as 
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T6SS activities of two neighboring cells in close spatial and temporal (2 frames) 

proximity pointing at each other. 

Native TagQ on plasmid already led to normal T6SS activity without inducing 

expression indicating that pPSV35 was leaky and even a small amount of TagQ was 

enough to restore T6SS activity (figure 2). However, only very little dueling was 

observed, suggesting that a certain level of TagQ is required for a fully functioning 

sensing system. Expression of native TagQ from plasmid induced with up to 500 µM 

IPTG led to T6SS activity and dueling comparable to chromosomal expression of 

TagQ (figure 2A). No matter how much expression of TagQperiplasm and TagQcytosol 

was induced, T6SS activity and dueling was almost completely abolished (figure 

2A), suggesting that these constructs were either not properly expressed or that they 

failed to activate T6SS due to their subcellular localization. TagQIM had the most 

striking phenotype, namely already high activation of T6SS without induction by 

IPTG but no dueling (figure 2A and C). The T6SS activation pattern of TagQIM 

looked very similar to the increased T6SS activity in a ΔpppA strain, which assembles 

very short structures at the same location for several rounds (Basler et al., 2013). The 

only difference was that TagQIM did not result in assemblies locked in one position. 

Native TagR on plasmid was not able to restore T6SS activity nor dueling without 

induced expression (figure 2B). In addition, TagR expression was even toxic for P. 

aeruginosa when induced in liquid culture. Therefore, expression of TagR constructs 

was induced on agarose pads for 15 min with 1 mM IPTG. While T6SS activity was 

restored with native TagR, TagRperiplasm and TagRIM, dueling was never observed 

(figure 2B). Interestingly, expression of native TagR and TagRperiplasm led to long 

T6SS structures whereas expression of TagRIM yielded in short T6SS structures 

(figure 2B). TagROM and TagRcytosol were not able to activate T6SS (figure 2B). 

To avoid artificial expression levels and toxicity in case of the TagR constructs, all 

TagQ and TagR versions were introduced into the chromosome of P. aeruginosa 

ΔretS clpV-sfGFP tssB-mCherry2. P. aeruginosa ΔretS clpV-sfGFP tssB-mCherry2 

(parental strain) has both ClpV and TssB labelled with sfGFP and mCherry2, 

respectively (figure 3A). Again, mutant phenotypes were assessed by observing 

TssB-mCherry2 and ClpV-sfGFP dynamics. However, it did not make a difference 

if sheath (TssB-mCherry2) or ClpV (ClpV-sfGFP) was used for quantification of 
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T6SS activity and dueling as both quantifications led to very similar numbers (figure 

4A and B). 

As additional measure for the capability of P. aeruginosa to react to T6SS attacks, a 

T6SS mediated killing assay was designed. P. aeruginosa PAO1 strains harboring 

the chromosomal TagQ and TagR variants were mixed with T6SS+ and T6SS- 

Acinetobacter baylyi ADP1 prey strains in a 5:1:1 ratio on a non-selective agar plate 

for 2 h. Then the bacteria were recovered and plated on three different selective plates 

as each strain had a different antibiotic resistance. Since P. aeruginosa embarks on a 

defensive T6SS strategy and only counterattacks, the T6SS+ A. baylyi ADP1 should 

be killed more frequently than the T6SS- A. baylyi ADP1. Indeed, significantly more 

T6SS- prey cells than T6SS+ prey cells were recovered from mixtures containing the 

parental P. aeruginosa PAO1 strain.  

Live-cell fluorescence microscopy together with the T6SS mediated killing assay 

suggested that both TagQperiplasm
 and TagQcytosol are not capable of T6SS activation 

(figure 3A and 4C). In contrast, TagQIM triggered T6SS assembly more than 5-fold 

in average compared to the parental strain (figure 3A and 4A). The increase in T6SS 

activity in a tagQIM mutant was still TPP dependent as the knockout of tagR, tagT or 

ppkA in a tagQIM background completely abolished T6SS activity or abolished 

dueling in case of ΔtagT (figure 3C). Strikingly, TagQIM yielded in less dueling and 

less efficient killing of A. baylyi despite higher T6SS activity (figure 4B-C). In 

addition, both A. baylyi strains were killed in equal amounts suggesting that a tagQIM 

strain cannot distinguish between T6SS+ and T6SS- prey cells (figure 4C). Similar 

results are reported for the ΔpppA strain, which kills less well than the parental strain 

despite its higher T6SS activity (Basler et al., 2013). 

TagROM and TagRIM expressed from the chromosome yielded in T6SS activity lower 

than the parental strain while TagRperiplasm led to a more than 2-fold significant 

increase in T6SS activity (figure 3D and 4A). However, dueling cells were observed 

in all of these mutants (figure 3D and 4B). In agreement, these TagR mutants killed 

more T6SS+ prey cells than T6SS- prey cells although the differences were not 

significant (figure 4C). Noteworthy to mention is that T6SS activity in a tagRcytosol 

mutant and in a tagQperiplasm tagRIM strain was not rescued (figure 3C). 
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To confirm that the different N-terminal signal sequences did not change protein 

abundance, whole-cell samples of TagQ and TagR mutants were analyzed by shotgun 

liquid chromatography-mass spectrometry (LC-MS) and compared to the parental 

strain. In general, over 2000 proteins were identified in each sample. The protein 

levels were considered to be significantly different at a 2-fold change with a q-value 

of under 0.01 (1 % false discovery rate). 

Importantly, the IM N-terminal signal sequence did not affect protein levels in the 

TagQIM mutant (figure 5A) suggesting that differences in protein levels could not 

explain the hyper-activated T6SS phenotype of this mutant. However, periplasmic 

and cytosolic N-terminal signal sequences of TagQperiplasm and TagQcytosol led to a 16-

fold decrease in TagQ protein abundance compared to the parental strain (figure 5A), 

which may also contribute to the abolished T6SS activity in these mutants observed 

by microscopy (figure 3B). 

In addition, mutants with deletions of single TPP (tagR, tagT or ppkA) components 

in parental and TagQIM background were analysed by LC-MS to rule out alternations 

in protein levels of downstream genes (figure 6). While deletion of tagT and ppkA 

did not influence expression of downstream genes, tagR deletion resulted in a 32-

fold decrease of TagQ in both parental strain and TagQIM background (figure 6). To 

test if tagR deletion led to a polar effect on tagQ, which is encoded directly 

downstream of tagR, a longer ΔtagR peptide scar was used to create a new tagR 

deletion strain. Indeed, the longer tagR peptide scar no longer affected TagQ protein 

abundance in both backgrounds (figure 6). 

Interestingly, all altered N-terminal signal sequences in TagR mutants decreased 

TagR protein levels about 4-16 fold (figure 5). However, these decreases in TagR 

protein abundance did apparently not affect T6SS activity in these mutants as 

observed by microscopy and T6SS mediated killing assay (figure 3D and figure 4C). 

Since the TagQIM N-terminal signal did not affect protein levels, the next step was to 

confirm IM localization of TagQ in this mutant. Therefore, cellular fractionation was 

performed to separate OM, IM periplasmic and cytosolic content of the parental 

strain, TagQIM strain and ΔtagT in both backgrounds. The different fractions were 

analyzed by LC-MS and compared to the corresponding parental strain fraction. 

Surprisingly, TagQ was up to 32 fold less abundant in the OM and IM fraction of the 
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TagQIM background compared to the parental strain (figure 7A and C). Periplasmic 

and cytosolic fractions were comparable in both TagQIM background and parental 

strain (figure 7B and D). These results indicate that TagQ was lost during cellular 

fractionation as the TagQIM whole cell samples had comparable TagQ levels to the 

parental strain (figure 5A). 

One explaination could be that TagQIM was localized in inclusion bodies, which were 

likely discarded during cellular fractionation. To test this hypothesis, TagQ was 

labelled with mCherry2 in both TagQIM and parental strain background. Most of 

TagQ-mCherry2 was localized at the membrane as reported previously (Casabona et 

al., 2013) (figure 8A). In addition, TagQ-mCherry2 was fully functional, as T6SS 

dueling was observable (figure 8B). However, in the TagQIM background additional 

cytosolic TagQ-mCherry spots were observed, which were not present in the parental 

strain (figure 8A), suggesting that indeed TagQ was localized in inclusion bodies in 

TagQIM background. Furthermore, T6SS dynamics were comparable to unlabeled 

TagQIM (figure 8C). 

In order to prevent formation of inclusion bodies, I replaced the N-terminal signal 

sequence of TagQ with the one of MexA. IM protein MexA is part of the well-studied 

MexAB-OprM multidrug efflux pump in P. aeruginosa (Masuda et al., 2000). The 

N-terminal signal sequence was previously used to localize lipoproteins to the IM

(Narita and Tokuda, 2007). Unfortunately, TagQ with MexA IM-signal did not

reproduce TagQIM phenotype (figure 9A). While T6SS activity was higher in the

TagQMexA compared to the parental strain, dueling was still observed to a significant

amount (figure 9B and C). Besides, T6SS sheaths were as long as the ones of the

parental strain. These findings suggest that the TPP signaling cascade was still

functional in this mutant. It remains to be determined whether the higher T6SS

activity is a result of IM localization of TagQMexA.
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Summary and outlook 

In summary, although changing the N-terminal signal sequence of OM lipoprotein 

TagQ in order to localize TagQ to IM resulted in a striking T6SS phenotype with 

short random T6SS assemblies, my experiments could not confirm that IM 

localization of TagQ is the cause for this phenotype. Cellular fractionation combined 

with LC-MS as well as fluorescence microscopy revealed that TagQIM was not 

enriched at the IM but sequestered in inclusion bodies. Thus, it is impossible to 

distinguish whether the observed phenotype derived from a general decrease in TagQ 

components due to sequestering in inclusion bodies or if the IM signal sequences led 

to altered folding properties and thus caused envelope stress. However, TagQIM was 

least partially functional as T6SS is still activated compared to abrogated T6SS 

activity in a tagQ deletion mutant. Unfortunately, the TagQIM phenotype could not 

be reproduced with another IM localization N-terminal signal sequence. Although 

the N-terminal signal sequence of IM lipoprotein MexA was previously used to 

localize proteins to the IM (Narita and Tokuda, 2007), TagQMex still enabled dueling 

and long T6SS structures. However, the overall T6SS activity was increased. It is 

worth mentioning that no cellular fractionation was performed for TagQMexA to check 

its exact subcellular localization. Nevertheless, it is questionable if the initial 

hypothesis that TagQ relocation in response to envelope stress triggers the TPP is 

still valid. 

Bioinformatics analysis (HHpred, Zimmermann et al., 2018) recently detected 

homology of TagQ to Pseudomonas lipoprotein YfiB. YfiB is part of a three-

component signaling system involved in modulation of intracellular c-di-GMP levels 

in response to envelope stress (Li et al., 2015; Malone et al., 2010). Interestingly, 

YfiB is anchored to the OM and binds peptidoglycan via its OmpA-like domain 

(Malone et al., 2010). Thus, YfiB spans from OM to the peptidoglycan layer. 

Changes in distance between these two layers triggers a conformational change of 

YfiB and thus enhances its ability to bind YfiR. YfiR is the repressor of the IM 

integrated diguanylate cyclase YfiN. Therefore, as soon envelope stress leads to 

changes in distance between OM and peptidoglycan layer, YfiB is able to bind YfiR, 

and c-di-GMP production by YfiN is activated (Li et al., 2015; Malone et al., 2010, 

2012). Since TagQ also contains a predicted putative OmpA peptidoglycan-binding 

domain, it is tempting to speculate that TagQ might sense cell envelope stress in a 
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similar manner. Thus, affinity of binding TagR may be affected by changes in the 

cell envelope. 

In order to test whether the distance between OM and peptidoglycan is important for 

TagQ function, I plan to shorten the sequence between OM anchor and putative 

OmpA-like domain of TagQ. In addition, changing the distance between OM and 

peptidoglycan by osmotic shock will allow to further test this hypothesis. 

Furthermore, subcellular localization of TagR remains to be elucidated. Thus, I plan 

to tag TagR with mCherry2 to see where TagR is localized and whether localization 

changes upon dueling.  



III. RESULTS

57 

Material and methods 

Bacterial strains and growth conditions 

Pseudomonas aeruginosa PAO1 and derivative strains were grown aerobically in 

Luria broth (LB) or on LB agar plates at 37 °C. The medium was either supplemented 

with irgasan (20 µg/ml, Sigma-Aldrich) or with gentamycin (30 µg/ml, AppliChem) 

when strains harbored expression plasmids. Acinetobacter baylyi ADP1 and 

derivative strains were grown aerobically in LB or on LB agar plates at 30 °C. The 

medium was either supplemented with streptomycin (100 µg/ml, AppliChem) and 

spectinomycin (300 µg/ml, Sigma-Aldrich) or with streptomycin (100 µg/ml, 

AppliChem) and kanamycin (50 µg/ml, AppliChem). All strains are listed in table 1. 

Bacterial mutagenesis 

To introduce in-frame deletions and different N-terminal signal sequences on the 

chromosome of Pseudomonas aeruginosa PAO1, suicide vector pEXG2 (Rietsch et 

al., 2005) was used. Expression plasmid pPSV35 (Rietsch et al., 2005) was used for 

isopropyl-β-D-thiogalactopyranoside (IPTG, AppliChem) inducible expression of 

TagQ and TagR variants. All plasmids, remaining peptides of in-frame deletions, N-

terminal sequences and primers are listed in table 2. All cloning products and sites of 

homologous recombination were verified by polymerase chain reaction (PCR) and 

sequencing. 

Fluorescence live cell imaging 

Microscope set up was described previously (Brodmann et al., 2017; Kudryashev et 

al., 2015; Vettiger and Basler, 2016). For imaging, day cultures of P. aeruginosa 

PA01 ΔretS clpV-sfGFP tssB-mCherry2 parental and mutant strains were inoculated 

from plate at an optical density600 (OD600) of 0.2 without any antibiotics. For strains 

harboring an expression plasmid, the medium was supplemented with gentamycin 

and 0, 250, 500 and 1000 µM IPTG to induce gene expression. Expression of TagR 

constructs on plasmid was induced with 1000 µM IPTG directly on the agarose pad 

for 15 minutes. At an OD600 of 1, the cultures were concentrated to an OD600 of 10. 
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1.5 µl of the concentrated cultures was then spotted on a pad consisting of 1 % 

agarose in 2/3 phosphate buffered saline (PBS) and 1/3 LB. The agarose pad was 

incubated at 37 °C for 10 min before imaging at 30 °C and 95 % humidity. Most 

images were collected every 20 s for 3 min. The exposure time for each channel was 

set to 150 ms. 

Image analysis 

Image analysis was carried out with Fiji software (Schindelin et al., 2012) as 

previously described (Basler et al., 2013; Vettiger and Basler, 2016). The total 

number of bacteria in a field of view was counted with the plugin “Find Maxima”. 

T6SS activity and dueling was quantified manually with the help of the plugin 

“Temporal-Color Code”, with which all events of a time series are displayed on one 

image. Dueling was defined as T6SS activities of two neighboring cells in close 

spatial and temporal (2 frames) proximity pointing at each other. 

Three-strain T6SS mediated killing assay 

Overnight cultures of P. aeruginosa PA01 ΔretS clpV-sfGFP tssB-mCherry2 

parental strain and the different mutant strains, T6SS+ A. baylyi ADP1 rpsL-K89R 

PAAR1-2::specR and T6SS- A. baylyi ADP1 rpsL-K89R Δ2’644’572-

2’653’574::kanR were grown with corresponding antibiotics. The next day, day 

cultures were inoculated at an OD600 of 0.2 and incubated at 37 °C for P. aeruginosa 

PA01 strains and at 30 °C for A. baylyi ADP1 strains. After 3 h, OD600 was measured 

and the cells were concentrated to OD600 of 10 accordingly. P. aeruginosa PA01 

strains were mixed with T6SS+ and T6SS- A. baylyi ADP1 in a 5:1:1 ratio (50 µl:10 

µl:10 µl). Then 5 µl of the mixtures were spotted in duplicates on a LB agar plate 

without any antibiotics. The plates were incubated at 37 °C for 2 h. Afterwards, the 

agar with the spots were cut out and the bacteria were recovered in 0.5 ml LB. 100 

µl of the recovered bacteria were used for 1:10 dilution series. 5 µl of each dilution 

was spotted on three different LB agar plates containing either irgasan, streptomycin 

and spectinomycin or streptomycin and kanamycin to recover the predator strains as 

well as the two different prey strains. The LB agar plates were incubated at 37 °C for 
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P. aeruginosa PA01 strains and at 30 °C for A. baylyi ADP1 strains overnight. The

next day, the number of recovered colony forming units (CFU) was calculated for

each strain with the following formula:

𝐶𝐶𝐶𝐶𝐶𝐶
𝑚𝑚𝑚𝑚

=
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝑐𝑐 𝑐𝑐𝑜𝑜𝑚𝑚𝑜𝑜𝑐𝑐𝑐𝑐𝐴𝐴𝑐𝑐 × 10𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑠𝑠𝐷𝐷𝑠𝑠𝑠𝑠

0.005 𝑚𝑚𝑚𝑚

Cellular fractionation 

Cellular fractionation was performed as described previously (Hoang et al., 2011). 

200 ml day cultures of P. aeruginosa PA01 ΔretS clpV-sfGFP tssB-mCherry2 

parental and mutant strains were inoculated from overnight cultures without 

antibiotics at 37 °C. After 4 h, OD600 was measured and adjusted to OD600 of 1. Then 

the cultures were concentrated by centrifugation at 3’000 g for 20 min and 

resuspendend in 2 ml of sucrose-Tris buffer (0.5 M sucrose, Fluka; 40 mM Tris-HCl, 

pH 7.5, AppliChem). Lysozyme (Sigma-Aldrich) was added to a final concentration 

of 0.5 mg/ml. Then the samples were incubated for 5 min. Afterwards, the cells were 

centrifuged at 1’500 g for 15 min. The supernatants containing periplasmic proteins 

were collected and immediately frozen. The pellets were resuspended in 2 ml lysis 

buffer (20 mM Tris-HCl, pH 7.5; 0.1 M NaCl, Merck; 1 mM 

Ethylenediaminetetraacetic acid (EDTA), pH 8, Calbiochem) and sonicated 30 s with 

30 s break for 10 cycles in a Bioruptor Pico (Diagenode). Unbroken cells were 

concentrated at 10’000 g and 4 °C for 10 min. The supernatants were centrifuged at 

200’000 g and 4 °C for 1 h for recovering cytoplasmic proteins. The pellet was 

washed twice with 20 mM Tris-HCl buffer (pH 7.5) with centrifugation at 200’000 

g and 4 °C for 1 h in between. After washing, the pellets were resuspended in IM 

extraction buffer (20 mM Tris-HCl, 7.5, 0.5 % Sarkosyl (sodium N-

lauroylsarcosinate, Sigma-Aldrich) and incubated at room temperature for 30 min. 

Then the samples were centrifuged at 200’000 g and 4 °C for 1 h. The supernatants 

containing the inner membrane proteins were collected. The remaining pellets 

containing the outer membrane proteins were resuspended in 20 mM Tris-HCl buffer 

(pH 7.5). Experiment was performed in biological triplicates. 
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Shotgun liquid chromatography-mass spectrometry 

For whole cell analysis, 2 ml day cultures of P. aeruginosa PA01 ΔretS clpV-sfGFP 

tssB-mCherry2 parental and mutant strains were inoculated at OD600 of 0.2 from 

plate. After 3 h, OD600 was measured and adjusted to OD600 of 1. 1 ml of these 

samples was concentrated and resuspended in 100 µl lysis buffer (8 M Urea, Sigma-

Adrich; 0.1 M Ammonium bicarbonate, Sigma Aldrich) and heat inactivated at 95 

°C for 10 min. Then the samples were sonicated 30 s with 30 s break for 10 cycles in 

a Bioruptor Pico and heated again at 95 °C for 10 min. Afterwards, the samples were 

centrifuged at 4’500 g for 10 s and the protein concentration was measured with a 

BCA protein assay kit (Pierce). In parallel, 2 µl of chloroacetamide (Sigma-Aldrich) 

was added and the samples were incubated at 37 °C for 30 min. Again, the samples 

were centrifuged at 4’500 g for 10 s.  

For whole cell samples as well as for the different cellular fractions 50 µg of protein 

was used for overnight digestion at 37 °C with 1 µg of porcine Trypsin (Promega). 

The next day, the samples were centrifuged at 4’500 g for 10 s. For solid phase 

extraction, 50 µl of 5 % Trifluoroacetic acid (TFA, Thermo) in H2O was added. Then 

100 µl of 1 % TFA in isopropanol (Sigma-Aldrich) was added and the samples were 

loaded on PR-sulfonate cartridges (Styrenedivinylbenzene-reverse phase sulfonate 

(SDB-RPS), PreOmics). The cartridges were centrifuged at 1’800 g for 3 min and 

the flow-through was discarded. Then the cartridges were washed twice with 200 µl 

of 1 % TFA in isopropanol with centrifugation at 1’800 g for 3 min in between. A 

second washing step with 200 µl of 0.2 % TFA in H2O was also carried out twice 

with centrifugation at 1’800 g for 3 min in between. The peptides were eluted in 200 

µl elution buffer (1 % (v/v) ammonium hydroxide, Sigma-Aldrich; 19 % H2O; 80 % 

acetonitrile, Thermo Scientific). The eluted peptides were dried under vacuum and 

resuspended in 20 µl LC-MS/MS buffer (0.15 % formic acid, Sigma-Adrich; 2 % 

acetonitrile). To dissolve the peptides, ultrasonication (Hielscher) for 10 s was used. 

Afterwards, the samples were incubated at 25 °C shaking for 5 min. Then 

concentration of the samples was measured and adjusted to 0.5 µg/µl before 

transferring the samples into LC-vials. A 1:10 iRT-peptide mix (Biognosys) was 

added (ThermoFisher). 

1 μg of total peptides were used for LC-MS analysis with a dual pressure LTQ-

Orbitrap Elite mass spectrometer connected to an electrospray ion source (both 
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Thermo Fisher Scientific) and a custom-made column heater set to 60°C. Peptides 

were separated with an an EASY nLC-1000 system (Thermo Fisher Scientific) 

equipped with a RP-HPLC column (75μm × 30cm) packed in-house with C18 resin 

(ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH, Germany) using a linear 

gradient from 95% solvent A (0.1% formic acid in water) and 5% solvent B (80% 

acetonitrile, 0.1% formic acid, in water) to 35% solvent B over 50 min to 50% solvent 

B over 10 min to 95% solvent B over 2 min and 95% solvent B over 18min at a flow 

rate of 0.2 μl/min.  

One high resolution MS scan in the FT part of the mass spectrometer at a resolution 

of 240,000 full width at half maximum (at 400 m/z, MS1) was acquired. Then 

MS/MS (MS2) scans followed in the linear ion trap for the 20 most intense MS 

signals. Unassigned and singly charged ions were excluded with the charged state 

screening modus. The dynamic exclusion duration was set to 30 s. The collision 

energy was set to 35%, and one microscan was acquired for each spectrum. 

Protein identification and label-free quantification 

The peptide precursor ion intensites across all samples were extracted with the 

Progenesis QI software (v2.0, Nonlinear Dynamics Limited) using the default 

parameters. MASCOT was used to search the generated mfg-gfiles against a decoy 

database containing normal and reverse sequences of the P. aeruginosa PAO1 

proteome (source: UniProt) and commonly observed contaminants generated using 

the SequenceReverser tool from the MaxQuant software (Version 1.0.13.13). The 

search criteria included full tryptic specificity (cleavage after lysine or arginine 

residues, unless followed by proline); 3 missed cleavages were allowed; fixed 

modification of carbamidomethylation (C); variable oxidation (M) and protein N-

terminal acetylation modifications; mass tolerance of 10 ppm (precursor) and 0.6 Da 

(fragments). The ion score was used to set a false discovery rate (FDR) of 1% on the 

peptide and protein level, respectively, based on the number of reverse protein 

sequence hits in the datasets. 
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Statistical analysis 

Statistical analysis of most data was performed with Prism7 (GraphPad Software). 

To test if T6SS+ A. baylyi ADP1 is killed significantly more than T6SS- A. baylyi 

ADP1 by P. aeruginosa PAO1 strains, multiple t-tests (α = 0.05) with correction for 

multiple comparison (Holm-Sidak method) were used.  

LC-MS data was analysed with the Quantsafe R package (version 2.3.4.). Data was 

globally normalized by equalizing the total peak/reporter areas across all LC-MS 

runs. The peak areas per protein and LC MS/MS run was summed followed by 

calculation of protein abundance ratios. Quantification was carried out for isoform 

specific peptide ion signals. Empirical Bayes moderated t-Tests were applied for the 

summarized protein expression values, as implemented in the R/Bioconductor limma 

package. Benjamini-Hochberg method was used to adjust the resulting per protein 

and condition comparison p-values for multiple testing. Changes in relative protein 

abundance were considered significantly different between two strains when the 

change was 2-fold or higher and the false discovery rate (q-value) was below 1 %.  
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Figures 

Figure 1: Overview of different signal sequences designed for TagQ and TagR. A) Native N-terminal signal sequence of 

TagQ is predicted to be cleaved between amino acids 29-30. Brackets display cleavage site in bold, the second amino acid after 

cleavage site in italic and 4 amino acids before and after cleavage site. Periplasmic localization was achieved by replacing the 

native N-terminal signal with the first 20 amino acids of Tsi1, a periplasmic immunity protein of T6SS effector Tse1. For IM 

localization, the second amino acid after the cleavage site A31 was exchanged with D31. The whole signal sequence was 

removed for cytosolic localization. An overview of subcellular localizations is shown below. B) Native N-terminal signal 

sequence of TagR is predicted to be cleaved between amino acids 23-24. Brackets display cleavage site in bold, the second 

amino acid after cleavage site in italic and 4 amino acids before and after cleavage site. OM localization was accomplished by 

replacing amino acids 1-25 by native N-terminal signal sequence of TagQ (amino acids 1-31). Periplasmic localization was 

achieved by replacing the native N-terminal signal with the first 20 amino acids of Tsi1, a periplasmic immunity protein of 

T6SS effector Tse1. For IM localization, the IM signal for TagQ was used to replace amino acids 1-31 of TagR. The whole 

signal sequence was removed for cytosolic localization. An overview of subcellular localizations is shown below. 
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Figure 2: T6SS phenotypes of TagQ and TagR N-terminal signal sequence mutants expressed on plasmid. A) T6SS 

phenotypes of P. aeruginosa PAO1 ΔretS clpV-sfGFP ΔtagQ with TagQ, TagQperiplasm, TagQIM and TagQcytosol expressed on 

pPSV35. Protein expression was induced with 250 µM IPTG. Merge of phase contrast and GFP channel is shown. 3.3 x 3.3 

µm fields of view are shown. Scale bar represents 1 µm. B) T6SS phenotypes of P. aeruginosa PAO1 ΔretS clpV-sfGFP ΔtagR 

with TagR, TagROM, TagRperiplasm, TagRIM and TagRcytosol expressed on pPSV35. Protein expression was induced with 1000 µM 

IPTG in the agarose pad. Merge of phase contrast and GFP channel is shown. 3.3 x 3.3 µm fields of view are shown. Scale bar 

represents 1 µm. C) Summary of T6SS activity of P. aeruginosa PAO1 ΔretS clpV-sfGFP and P. aeruginosa PAO1 ΔretS 

clpV-sfGFP ΔtagQ pPSV35 tagQIM in the GFP channel over 3 minutes with “Temporal-Color Code” function. Time color scale 

bar indicates at which time point the event appeared. Arrows highlight 3 dueling events for P. aeruginosa PAO1 ΔretS clpV-

sfGFP. 13 x 9.8 µm fields of view are shown. Scale bar represents 5 µm. 
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Figure 3: T6SS phenotypes of chromosomal TagQ and TagR N-terminal signal sequence mutants. A) T6SS dueling event 

of P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2. First image shows merge of phase contrast, GFP channel and 

mCherry channel, followed by GFP channel (upper panel) and mCherry channel (lower panel). 3.3 x 3.3 µm fields of view are 

shown. Scale bar represents 1 µm. B) Summary of T6SS activity of P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2, 

ΔtagQ, tagQperiplasm, tagQIM and tagQcytosol in the mCherry channel over 3 minutes with “Temporal-Color Code” function. C) 

Summary of T6SS activity of P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2 tagQIM ΔtagR, tagQIM ΔtagT, tagQIM 

ΔppkA and tagQperiplasm tagRIM in the mCherry channel over 3 minutes with “Temporal-Color Code” function. D) Summary of 

T6SS activity of P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2 ΔtagR, tagROM, tagRperiplasm, tagRIM and tagRcytosol in 

the mCherry channel over 3 minutes with “Temporal-Color Code” function. B-D) Time color scale bar indicates at which time 

point the event appeared. Arrows highlight dueling events. 13 x 9.8 µm fields of view are shown. Scale bar represents 5 µm. 
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Figure 4: Quantification of T6SS activity, dueling and killing for TagQ and TagR N-terminal signal sequence mutants. 

A) Quantification of bacteria with T6SS assembly within 3 minutes of imaging for P. aeruginosa PAO1 ΔretS clpV-sfGFP

tssB-mCherry2, tagQIM, tagROM, tagRperiplasm and tagRIM. Quantification was carried out based on ClpV-sfGFP (black circle) 

and TssB-mCherry2 (white triangle). Three biological replicates with at least 5000 bacteria each were analyzed. Black line 

represents median. B) Quantification of dueling bacteria, which had active T6SS in A) during 3 minutes of imaging.

Quantification was carried out based on ClpV-sfGFP (black circle) and TssB-mCherry2 (white triangle). Black line represents

median. C) Three-strain T6SS mediated killing assay carried out with P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-

mCherry2, ΔtssB, ΔtagQ, tagQperiplasm, tagQIM, tagQcytosol, ΔtagR, tagROM, tagRperiplasm, tagRIM and tagRcytosol (black circles) 

competing against T6SS+ A. baylyi ADP1 rpsL-K89R PAAR1-2::specR (magenta squares) and T6SS- A. baylyi ADP1 rpsL-

K89R Δ2’644’572-2’653’574::kanR (blue trinangles). Three biological replicates were performed. Black line represents

median. 
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Figure 5: Relative protein abundancies in whole cell-samples of TagQ and TagR N-terminal signal sequence mutants. 

Protein abundancies were measured by LS-MS. For each identified protein, the fold change (x-axis) is plotted against -log10(q-

value) as measure for significance (y-axis). The dotted lines on the x-axis represent 2-fold changes of the protein of the 

corresponding mutant compared to P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2. The lines on the y-axis represent 

the false discovery rate of 1 % (q-values below 0.01). Value for TagQ is shown in magenta and for TagR in blue. Summary of 

three biological replicates. A) Relative protein abundancies for tagQperiplasm, tagQIM and tagQcytosol. B) Relative protein 

abundancies for tagROM, tagRperiplasm, tagRIM and tagRcytosol. 
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Figure 6: Relative protein abundancies in whole-cell samples of different gene deletions in parental strain and TagQIM 

backgrounds. Protein abundancies were measured by LS-MS. For each identified protein, the fold change (x-axis) is plotted 

against -log10 (q-value) as measure for significance (y-axis). The dotted lines on the x-axis represent 2-fold changes of the 

protein of the corresponding mutant compared to P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2. The lines on the y-

axis represent the false discovery rate of 1 % (q-values below 0.01). Values for TagQ, TagR, TagT and PpkA are shown in 

magenta, blue, yellow and turquoise, respectively. Summary of three biological replicates. A) Relative protein abundancies for 

ΔtagR, ΔtagRlong peptide scar, ΔtagT and ΔppkA. B) Relative protein abundancies for tagQIM ΔtagR, tagQIM ΔtagRlong peptide scar, tagQIM 

ΔtagT and tagQIM ΔppkA. 
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Figure 7: Relative protein abundancies in OM, periplasmic, IM and cytosolic fractions of parental strain and TagQIM 

background. Protein abundancies were measured by LS-MS. For each identified protein, the fold change (x-axis) is plotted 

against -log10 (q-value) as measure for significance (y-axis). The dotted lines on the x-axis represent 2-fold changes of the 

protein of corresponding mutant fraction compared to the fraction of P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2. 

The lines on the y-axis represent the false discovery rate of 1 % (q-values below 0.01). Value for TagQ is shown in magenta 

and for TagR in blue. Summary of three biological replicates. A) Relative protein abundancies in OM fractions of ΔtagT, tagQIM 

and tagQIM ΔtagT. B) Relative protein abundancies in periplasmic fractions for ΔtagT, tagQIM and tagQIM ΔtagT. C) Relative 

protein abundancies in IM fractions of ΔtagT, tagQIM and tagQIM ΔtagT. D) Relative protein abundancies in the cytosolic 

fractions of ΔtagT, tagQIM and tagQIM ΔtagT. 
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Figure 8: Localization of TagQ-mCherry2 and TagQIM-mCherry2. A) Membrane localization of TagQ-mCherry2 in P. 

aeruginosa PAO1 ΔretS clpV-sfGFP tagQ-mCherry2 (right image) and formation of TagQIM-mCherry2 spots in tagQIM-

mCherry2 (left image). 13 x 9.8 µm fields of view are shown. Scale bar represents 5 µm. B) T6SS dueling event in tagQ-

mCherry2 background. C) T6SS assembly in tagQIM-mCherry2 background. C-D) First image shows merge of phase contrast, 

GFP channel and mCherry channel, followed by GFP channel (upper panel) and mCherry channel (lower panel). of 3.3 x 3.3 

µm fields of view are shown. Scale bar represents 1 µm.  
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Figure 9: T6SS phenotyps of chromosomal TagQ MexA N-terminal signal sequence. A) Summary of T6SS activity of P. 

aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2 and tagQMexA in the mCherry channel over 3 minutes with “Temporal-

Color Code” function. Time color scale bar indicates at which time point the event appeared. Arrows highlight dueling events. 

13 x 9.8 µm fields of view are shown. Scale bar represents 5 µm. B) Quantification of bacteria with T6SS assembly within 3 

minutes of imaging for P. aeruginosa PAO1 ΔretS clpV-sfGFP tssB-mCherry2 and tagQMexA. Quantification was carried out 

based on TssB-mCherry2. Three biological replicates with at least 1500 bacteria each were analyzed. Black line represents 

median. B) Quantification of dueling bacteria, which had active T6SS in A) during 3 minutes of imaging. Quantification was 

carried out based on TssB-mCherry2. Black line represents median. 
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Abstract 

Many bacteria inject toxins into competitors using the Type VI Secretion System 

(T6SS), which resembles a poison-tipped molecular speargun. While many species 

simply fire T6SS needles randomly in space, the opportunistic pathogen 

Pseudomonas aeruginosa engages in tit-for-tat, shooting in retaliation to incoming 

T6SS attacks. Although the regulatory components for this response are identified, 

we do not understand when or why tit-for-tat will evolve. Here, we combine 

computational modelling and evolutionary game theory to study the competitive 

value of different patterns of T6SS firing. We were surprised to find that our models 

predict that the tit-for-tat strategy almost never evolves. This occurs for two reasons. 

Most simply, tit-for-tat loses against unarmed cells because it fails to fire. Moreover, 

tit-for-tat cells are also outcompeted by randomly firing strains who always hit them 

first. However, we then show that if a tit-for-tat strain retaliates strongly with many 

hits, they always win against a random firer. This occurs because tit-for-tat cells have 

an information advantage: they ‘know’ where and when to hit. We test our key 

prediction of strong retaliation by comparing P. aeruginosa (tit-for-tat) with Vibrio 

cholerae (random). While V. cholerae only fires once from each position, P. 

aeruginosa fires many times. Our work reveals that P. aeruginosa does not engage 

in strict tit-for-tat; rather, it gives more than it gets. More generally, we show how 

mailto:kevin.foster@zoo.ox.ac.uk
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the outcome of bacterial competition rests not only upon the weapons that cells carry, 

but exactly how they use them. 

 

Significance Statement 

Tit-for-tat, or ‘an eye-for-an-eye’, is a well-known principle from humans and other 

animals. Amazingly, some bacteria have also evolved a tit-for-tat behavior; they stab 

other cells with poisoned molecular needles (the type VI secretion system) – but only 

if stabbed. However, we do not understand how this remarkable behavior evolved. 

We have developed a realistic model of the type VI secretion system to study its 

evolution. We show that strict tit-for-tat is a poor evolutionary strategy for bacteria, 

because it lacks the first-strike advantage of random firing. By contrast, our model 

predicts that aggressive cells that hit back many times can always win, which led us 

to discover that this is how P. aeruginosa bacteria actually retaliate. In the brutal 

world of bacteria, therefore, the principle appears to be ‘eyes-for-an-eye’. 

 

Introduction 

The Type VI Secretory System (T6SS) is a contact-dependent nanoweapon, found in 

numerous proteobacterial and Bacteroidetes species (1–4) and used to inject effector 

proteins into neighboring cells (5–7). Structurally and functionally homologous to a 

phage’s tail (8) the T6SS consists of a membrane-bound baseplate complex, an 

effector-tipped needle, and a surrounding sheath whose contraction drives the needle 

through the membranes of target cells (9, 10). Used by many notorious plant and 

animal pathogens, the T6SS is a potent anti-competitor weapon: T6SS activity can 

determine whether a strain can invade, or defend, its niche in both environmental and 

host-associated microbial communities (11–15). 

 

There is remarkable variation in the regulation and use of T6 weaponry across 

species. Bacteria activate and deploy the T6SS in a variety of environmental contexts 

(16, 17) and against both prokaryotic and eukaryotic targets (18, 19). The manner of 

firing also varies: whereas placement of T6SS assembly appears to be random in 
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some species, such as Vibrio cholerae, Serratia marcescens and Acinetobacter baylyi 

(20–22) other bacteria are known to fire from specific locations on their cell 

membranes. The most striking example of this spatiotemporal control is the 

retaliatory firing strategy observed in Pseudomonas aeruginosa, whose T6 apparatus 

(encoded at the HSI-I locus) is activated only in cells that are themselves attacked by 

T6SS needles (23, 24). While the molecular regulation of the T6SS has received 

further attention (25), however, its evolution has not – leaving open the question of 

why the different firing strategies have evolved. 

The evolution of reciprocation—tit-for-tat strategies—has a long history of study in 

evolutionary biology (26–29). However, the focus has been on the evolution of 

reciprocal cooperation rather than competition. Understanding the evolution of T6SS 

regulation then is important both for understanding bacterial warfare, and as a distinct 

case in evolutionary biology. On this basis, we developed an agent-based modelling 

framework to simulate competition between different T6SS strategists. By 

combining modelling with game theory, we have been able explore the evolution of 

T6SS regulation, including tit-for-tat firing, across a wide range of conditions. This 

reveals that tit-for-tat has major limitations as a strategy for T6SS warfare. It fails to 

fire against unarmed strains and, in addition, always fires second against aggressive 

strains, such that it rarely wins in direct competitions. However, we show that a 

strong retaliator, which fires multiple times in response to an attack, is a powerful 

competitor against random T6SS attackers. This led us to reanalyze the firing patterns 

of P. aeruginosa, which employs retaliatory firing, and to discover that it actually 

fires many times in response to an incoming attack.  
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Results 

Agent-based modelling of different T6SS firing strategies 

To study the interactions and evolution of different T6SS firing strategies, we 

extended an existing agent-based model of T6SS competition (30–32). Briefly, our 

model represents rod-shaped bacteria as sessile, elongating cylinders with 

hemispherical caps, which can intoxicate neighboring cells by firing T6SS needles. 

Importantly, different modes of T6SS firing (Table S1) can be represented and 

compared using this system: cells can be programmed not to fire (T6SS- ‘Unarmed’ 

strain), or to fire constantly and in random directions (T6SS+ ‘Random’ strain), or to 

fire in more elaborate patterns (Table S1). We assume each strategist is immune only 

to its own toxins, and that both carriage and expression of T6SS genes are costly, 

such that the specific growth rate of a T6SS+ strain is reduced in proportion to its 

firing rate. Further details are provided in the Supporting Information (Figure S1), 

and the model’s variables and parameters are summarized in Tables S2 and S3. 

Random T6SS firing is effective against unarmed strains 

First, we used our agent-based model to study competition between Random T6SS 

attackers (R) and susceptible Unarmed cells (U). We simulated community growth 

within 2-D ‘patch’ environments, beginning with a randomly-scattered, 1:1 mixture 

of R and U cells. Each patch simulation begins with a finite, uniform resource quota 

that is consumed as cells grow, and simulations end once a patch becomes depleted 

of resources (Figure S1A). Would-be weapon users therefore face a trade-off: 

attacking one’s competitors prevents them from using up a patch’s resources, but at 

the costs of both reduced reproductive rate and efficiency. 

Figure 1A shows two patch simulations between R and U strategists, carried out for 

different starting cell densities. In the left example (at low cell density), T6SS-

mediated killing marginally increases the final frequency of R strategists; to the right 

(high cell density), this competitive advantage is greatly enhanced. Strong density 

dependence is consistent with empirical studies of T6SS competition – higher cell 

density results in increased (and earlier) contact between R and U cells, increasing 
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overall killing (33). We also observed that T6SS activity resulted in increased spatial 

segregation (34) between competing strains (Figure 1A), compared with T6SS- 

controls (Figure S1A). 

 

To further explore the competitive value of Random T6SS firing, we compared R vs. 

U competition outcomes for a wide range of input parameters: varying initial cell 

density, T6SS firing rate, weapon cost, lysis rate and toxin potency. These analyses 

confirmed that random T6SS firing can indeed offer a competitive advantage 

(evidenced by increased R frequency after competition) under a broad set of 

conditions. As well as being favored by high cell density (Figure 1B, S2), natural 

selection for Random T6SS attackers is increased for low weapon costs (Figure S1C), 

and high toxin potency (Figure S1D). However, using lytic T6SS toxins is crucial for 

efficient killing (Figure S1D), as highlighted in a recent study (32).  

 

Firing the T6SS at random can help a bacterial strain to increase its frequency in the 

short term. But when are Random T6SS attackers expected to invade an Unarmed 

population on longer timescales? To answer this question, we embedded our model 

in a game-theoretic framework called adaptive dynamics (35). This approach 

considers the fate of an initially rare, novel strategist placed in a metapopulation 

(large set of patches) dominated by another, resident strategist. If the relative fitness 

of the rare strategist is greater than that of the resident, its frequency in the 

metapopulation will increase, until it eventually replaces the resident altogether. 

Figure 1C shows the fate of an invading Random T6SS attacker as a function of its 

attack rate, 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅, for two different competition scenarios (see Methods). For local 

competition, Random attackers compete only within niches with the resident 

Unarmed strain. For global competition, they must also compete with Unarmed cells 

in neighboring niches where Random attackers are absent. In both scenarios, we find 

that R can successfully invade U for all non-zero firing rates, assuming a high initial 

cell density (Figure 1C, 200:200 cells). For lower cell densities, the range of viable 

𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 values narrows, and is generally smaller for global competition than for local 

competition (Figure S3). 
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Random T6SS firing improves fitness against another random attacker 

Our models predict that Random T6SS attackers will readily evolve in a population 

of Unarmed cells, under a range of conditions. As Random attackers become more 

abundant, they will begin to encounter one another, and so we must also consider the 

outcomes of battles between different R-type strategists. When can one Random 

attacker invade another? Here as before, we applied adaptive dynamics to study 

competition between pairs of R-type strategists, R1 and R2, each having its own 

attack rate 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1, 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅2, and each being susceptible to the other’s toxins1. Figure 

1D shows a ‘pairwise invasion plot’ (35), indicating which of R1, R2 invades the 

other as a function of their respective attack rates, for local (within-patch) 

competition. We find that either strain can invade the other by firing faster than it, 

but only up to a point. Beyond the yellow diagonal line, having a higher attack rate 

than one’s competitor makes one vulnerable to invasion, since the increased costs of 

the higher attack rate outweigh any additional benefits conferred. Figure 1E shows a 

similar pairwise invasion plot, this time computed for the case of global competition. 

What firing rate 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 is predicted to evolve during competition between Random 

T6SS attackers? We can compute the Evolutionary Stable State (ESS) value of 

𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅, denoted 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅
𝐸𝐸𝐸𝐸𝐸𝐸,𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷, as follows (Figure 1D): suppose we begin with a resident 

strain R1, which possesses the T6SS but does not use it (𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1 = 0). Suppose a 

mutant strain R2 appears in this population with 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅2 =  𝛿𝛿, where 𝛿𝛿 > 0 

represents some small increment in firing rate. Since 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅2 >  𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1, R2 can 

invade R1, and 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1 = 𝛿𝛿 becomes the resident strategy. The same outcome occurs 

with 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅2 =  2𝛿𝛿, 3𝛿𝛿 … such that successive invasions by incrementally more 

aggressive mutants increase the firing rate in the resident population (Figure 1D, 

black arrows). Similarly, a resident population with a very high firing rate (e.g. 

𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1 = 250 firings cell-1 h-1) will be displaced by mutants with lower firing rates 

(Figure 1D, yellow arrows). 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅
𝐸𝐸𝐸𝐸𝐸𝐸,𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷 is the point where these progressions meet 

1 For cases where neither strain is vulnerable to the other’s toxins, the outcome of competition is 
simple: the strain with the lowest 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠 wastes the least energy on futile firing, and wins. For cases 
where one strain is vulnerable to the other but not vice-versa, the outcome will be similar to the R 
vs. U battles shown in Figure 1, with the susceptible R strain in the role of the U strategist (except 
slightly worse-off on account of bearing the cost of T6SS carriage). 
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(Figure 1D, white circle) – mutants with higher or lower firing rates than this cannot 

displace residents that fire at this rate. Note that global competition (Figure 1E) 

favors a reduced level of aggression than local competition (i.e. 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅
𝐸𝐸𝐸𝐸𝐸𝐸,𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷 > 

𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅
𝐸𝐸𝐸𝐸𝐸𝐸,𝑔𝑔𝐷𝐷𝐷𝐷𝑔𝑔𝑙𝑙𝐷𝐷); similar trends can be seen for other strategist pairs at various initial 

densities (Figure S3). 

 

‘Tit-for-tat’ retaliation is insufficient to beat a random attacker  

So far, our results indicate that Random T6SS firing is often a successful strategy, 

enabling invasion of Unarmed populations, and offering better defense against other 

Random T6SS attackers than for T6SS- susceptible strains. Now, we consider a 

second T6SS firing strategy: the ‘Tit-for-tat’ (TFT) firing model for P. aeruginosa 

(24). TFT differs from R in two key respects: i) TFT does not fire its T6SS 

continuously, but counterattacks once per incident attack (retaliatory firing); ii) TFT 

does not fire from randomly-chosen sites on its cell membrane, but instead from the 

points where incident attacks struck (spatial sensing). We assume TFT to be identical 

to R in all other respects (toxin potency, lysis delay, weapon costs per T6SS firing, 

costs of weapon carriage). 

 

Figure 2A shows our implementation of a TFT strategist in our agent-based model. 

To assess conditions favoring TFT strategists, we competed TFT against R for 

different initial cell densities, as before (Figure 2B, C). We were surprised to find 

that, while TFT generally does better against R than U (cf. Figure 1B), R can still 

outcompete TFT, particularly at higher cell densities. Consequently, R can invade 

and displace TFT for lower 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 values, for both local and global competition 

scales (Figures 2D, S3), provided cell density is sufficient. 
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Retaliatory T6SS firing is optimized by multiple counter-attacks and resilience 

towards initial attacks 

A wide range of conditions preclude the evolution of TFT retaliatory T6SS firing 

from a population of Random attackers. Trivially, TFT is also guaranteed to lose 

against U, since the latter never triggers retaliatory T6SS attacks, and is spared the 

cost of T6SS carriage (21). How then could TFT evolve if it is often outcompeted by 

U or R?  

To resolve this apparent paradox, we considered ways in which the TFT strategist 

might be improved. When we tried increasing the number of counterattacks launched 

by retaliators, we found that the resulting strategist—dubbed 2-Tits-For-Tat 

(2TFT)—is highly successful against a Random T6SS attacker (Figure 2E), 

outcompeting it for all T6SS firing rates and cell densities studied (Figure 2F). 

Intriguingly, swapping TFT for 2TFT also reversed the trend in competition outcome 

with respect to initial cell density, with higher cell densities now favoring 2TFT 

instead of R (Figure 2F, cf. Figure 2C). We interpret this as meaning that 2TFT is 

superior to R in a cell-on-cell battle, unlike U and TFT. As discussed above, 

increasing initial density simultaneously creates more fronts between competing cell 

groups and increases the time for which competing strains are in physical contact – 

both of which favor the strain with the best contact-dependent attack. 

Accordingly, we also found that 2TFT is able to invade a population of R cells for 

all 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 > 0 (Figures 2G), and for all cell densities studied (Figure S3). However, 

this robust competitive advantage disappeared when we reduced the resilience of 

both strategists (𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 reduced to 1 from 2), such that a single T6SS hit is sufficient 

to disable a cell (Figure 2F, dotted lines; Figure S3): here, 2TFT performs no better 

than TFT. 
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Retaliator success stems from geometric and economic advantages 

Mechanistically, how is it that 2TFT outcompetes R robustly, in contrast to the 

standard model of T6SS retaliation (TFT)? We identified two key advantages offered 

by retaliatory T6SS firing, and used our models to compare their relative 

contributions to 2TFT’s fitness in competition with R (Figure 3). Firstly, the ability 

to sense where incident attacks are coming from allows T6SS counterattacks to be 

aimed specifically at attackers. By contrast, Random attackers have no information 

on where target cells are (9), and so miss most of the time (Figure 3A). Indeed, when 

we measured T6SS hit:miss ratios in fixed, well-mixed configurations of cells, we 

found that attacks by 2TFT cells were significantly more likely to hit R cells than 

vice versa (Figure 3B, see Methods). 

Secondly, the ability to sense when one is being attacked prevents costly use of the 

T6SS when it is not needed. Examination of cell growth rates during R vs. 2TFT 

competitions showed that only 2TFT cells in actually in contact with competitors 

actually pay for T6SS firing – compared with R cells, which must pay for constant 

T6SS firing whether or not competitors are actually in range (Figure 3C). We found 

that this resulted in significantly higher specific growth rates for 2TFT cells than for 

R cells (Figure 3D). 

To determine which of these advantages—improved aim or lower cost—drives 

2TFT’s success in a given scenario, we created three new retaliator phenotypes with 

one or both advantages removed (Figure 3E, F). To remove the advantage of T6SS 

aiming through spatial sensing, we configured TFT cells to counterattack from 

randomly-chosen sites on their membranes, instead of from the points at which 

incident attacks struck (Figure 3F). To remove the advantage of reduced T6SS cost, 

we configured TFT cells to pay the same growth costs as Random T6SS attackers, 

for any given attack rate 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅. Comparing the single ‘knockout’ cases (loss of 

aiming or loss of cost saving) against a normal R vs. 2TFT competition, we found 

that removing cost-saving (Figure 3E, right column) still allowed 2TFT to beat R 

(albeit by a reduced margin) irrespective of weapon cost factor 𝑐𝑐. By contrast, 

eliminating T6SS aiming (Figure 3F, left column) allowed R to beat 2TFT, except 
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where weapon costs were very high. Similar trends appeared when cell density was 

varied instead of weapon costs (Figure S4) – here, removal of T6SS aiming resulted 

in reduced 2TFT fitness at higher cell density, confirming that aiming is generally 

required for 2TFT to beat R in a cell-on-cell battle. 

 

Pseudomonas aeruginosa launches multiple counterattacks during retaliatory T6SS 

firing 

Overall then, a key prediction emerging from our model is that retaliatory T6SS firing 

is only generally favorable if each hit sustained by the retaliating cell produces 

multiple counterattacks. As a test of this prediction, we analyzed the T6SS 

counterattacks of Pseudomonas aeruginosa bacteria, in response to random attacks 

by Vibrio cholerae. Both cell types express functional T6SS apparatus, the sheaths 

of which (TssB subunits in the case of P. aeruginosa and VipA subunits in the case 

of V. cholerae) carry fluorescent tags (see Methods). These tags allow individual 

T6SS firing events to be tracked using time-lapse fluorescence microscopy, as 

described in previous studies (22, 24, 36). When the two grown are together on 

agarose pads, V. cholerae antagonizes P. aeruginosa and causes it to launch 

counterattacks (Figure S5), such that T6SS dynamics of the two species can be 

compared directly in the same setting.  

 

Figure 4 shows example kymographs for individual T6SS firing sites (baseplate 

complexes) imaged in P. aeruginosa (Figure 4A) and in V. cholerae (Figure 4B) cells 

during these co-culture experiments. In agreement with our model’s predictions, P. 

aeruginosa is observed to fire repeatedly (between 1-6 firings over a 5-minute time-

lapse, with median 2 firings per site, see Figure 4-C). By contrast, we could detect 

no instances of repeated T6SS firing within the same time window, confirming that 

repeated T6SS firing is not simply a universal trait among ɣ-Proteobacteria. These 

observations support the prediction that multiple counterattacks from the same T6SS 

site are necessary to extract maximum benefit from a retaliatory firing strategy. 
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Discussion 

In this study, we have used agent-based modelling to compare bacterial strategies for 

T6SS attack. In addition to recapitulating previous studies’ observations on the 

dynamics of T6SS competition (33, 34), our models make several new predictions 

about the evolution of T6SS spatio-temporal regulation. Overall, our work 

characterizes random and retaliatory firing as generalist and specialist strategies, 

respectively. Random constitutive firing can readily evolve in unarmed populations, 

provided that i) weapon costs are not excessive and ii) initial mixing provides enough 

inter-strain contact.  

 

By contrast, retaliatory firing is successful only against other T6SS users, and then 

only if additional constraints are met. Specifically, we predict that retaliation can 

evolve robustly provided that the retaliator i) survives multiple rounds of exogenous 

T6SS attack (resilience), and ii) deals more damage to an attacker than it sustains 

itself (disproportionate retribution). Ultimately, both additional constraints stem from 

the ‘first-strike advantage’ possessed by random attackers: having already been 

struck by at least one T6SS needle, a retaliator always enters combat at a 

disadvantage, requiring that retaliation be disproportionate to be generally 

successful. 

 

The additional constraints limiting retaliator evolution may explain why P. 

aeruginosa is, to our knowledge, the only example of a T6SS retaliator found so far 

– whereas many species are known to use random T6SS firing (20–22). However, it 

is also clear that P. aeruginosa is a perfect fit to these constraints. Firstly, P. 

aeruginosa can resist oncoming T6SS attacks from other species like V. cholerae, 

perhaps because of its (in)famously impermiable cell membrane (24). Secondly, we 

have shown that P. aeruginosa’s ability to ‘aim’ T6SS firing—through spatially-

resolved, TagQRST-mediated attack sensing—is  a key contributor to its success as 

a retalitor (Figure 3E,F), because it provides cells with additional information on the 

location of attackers. By placing T6SS assemblies at attack sites, P. aeruginosa can 

substantially improve its hit efficiency, compared with a random firer that has no 

information on the location of its target. 
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Thirdly, our models show that P. aeruginosa cells can only fully exploit this ‘aiming’ 

if they also launches multiple counterattacks from a given site of impact, in contrast 

to the current ‘Tit-for-tat’ model (24). Otherwise, they still stand to lose more cells 

per pairwise T6SS battle than their competitors, such that the latter can win overall 

if the two strains are sufficiently well-mixed. Our experiments confirm that P. 

aeruginosa does indeed fire repeatedly from T6SS assemblies placed at hit sites, a 

pattern not observed in random-firing V. cholerae. In light of this observation, we 

suggest that P. aeruginosa’s retaliatory T6SS strategy is better thought of as "Tits-

for-Tat” than the original ’Tit-for-tat’ nomenclature drawn from evolutionary 

biology (37).  

 

Like all models, ours make simplifying assumptions that trade degrees of realism for 

tractability. Among these is our coarse-grained representation of T6SS expression 

regulation: specifically, we assume that any constitutive T6SS activity becomes fully 

activated at the start of a given simulation and maintained thereafter at a constant 

level until the simulation’s end. In reality, T6SS activation likely has a more gradual 

onset that decreases activity and costs in pre-confluent colonies (17), potentially 

reducing wastage and expanding the range of conditions estimated to support 

constitutive T6SS activity. While beyond the scope of the present study, evaluating 

the relative benefits of sensing other environmental cues (e.g. kin-lysate or damage 

sensing (17, 38, 39)) provides further applications for our model framework. 

 

Another key assumption is that competitions involve only two T6SS strategists at a 

time. While many theoretical approaches (e.g. ecological network theory (40)) 

deconvolve the dynamics of multistrain communities into pairwise interactions such 

as these, our simulations so far ignore behaviors that might emerge only when three 

or more strategists are present within the same spatial niche. Intriguingly, parameter 

combinations exist such that unarmed strains are beaten by random attackers (T6SS 

killing trumps growth advantage), who are beaten by Tits-for-tat retaliators (superior 

killing and growth advantage trumps T6SS aggression), who can be beaten in turn 

by unarmed strains (growth advantage trumps unused costly T6SS). This ‘rock-

paper-scissors’ relationship, also suggested in a recent study (41), could potentially 
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support non-transitive dynamics between competing bacterial strains, and thereby 

stabilize variation in T6SS firing patterns (42, 43). 

These limitations notwithstanding, a key strength of the model presented here is its 

geometric detail: by explicitly incorporating cell polarity, packing effects and 

discrete firing events, absent in previous models (33, 34, 44), it enables the 

effectiveness of different T6SS firing patterns to be measured and compared. We 

have so far applied our model to just three T6SS firing strategies – yet more are 

known (for example, polar firing used to manipulate eukaryotic cell structures by 

Francisella and Burkholderia spp. (45, 46)), and others may soon be discovered. 

Moreover, different temporal patterns of firing are also now being characterized: 

Ostrowski et al. hypothesize that a T6SS firing delay, made possible by the TagF 

element of the PPI pathway, is necessary in Serratia marcescens for efficient killing 

(47). These findings generate further questions about the mechanisms governing 

T6SS site placement and firing strategy: how many sites, firing how fast, and for how 

long, are optimal against a given target? Models such as ours offer the opportunity to 

address these questions, and to learn more about variability in bacterial interference 

competition. 

Conclusion 

Bacteria differ widely in how they deploy T6SS weaponry in space and time. We 

have applied agent-based modelling and game theory to study competition between 

these contrasting strategies, revealing the strengths and weakness of each, and the 

environmental and physiological factors governing their evolution. Our analyses 

show that retaliatory T6SS firing by P. aeruginosa can be highly effective against 

speculative random firing: by exploiting cues indicating when to fire (i.e. only when 

in contact with a rival) and where to fire (i.e. in the direction of the rival cell), 

retaliators can outmatch competitors, delivering a disproportionate counterattack 

with superior T6SS efficiency and economy. By contrast, constitutive T6SS firing is 

a more generalist strategy, effective against both T6SS-armed and unarmed 

competitors. Overall, our work helps us to better understand the dynamics and 
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evolution of T6SS-mediated bacterial warfare, offering new routes to manipulate 

competiton for technological or therapeutic purposes. 
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Methods 

Agent-based model 

As in previous studies (30, 32, 48), we model bacterial communities as collections 

of 3-D rod-shaped cells, growing in independent niches on a flat surface (Figure 

S1A). Every cell is an independent ‘agent’ whose behavior depends on its phenotype, 

and on its interactions with neighboring cells.  Each model simulation tracks cell 

growth, movement and death within a single niche. Niches have an allotted quota 

(𝐸𝐸0) of growth-limiting resources, which cells consume until the niche becomes 

depleted, thereby ending the simulation. Cell phenotypes, model variables and model 

parameters are summarized in Tables S1, S2 and S3, respectively. 

Cell growth and division: Each cell’s volume 𝑉𝑉𝐷𝐷 increases exponentially through 

elongation, from initial volume 𝑉𝑉0, according to the equation 𝑐𝑐𝑉𝑉𝐷𝐷 𝑐𝑐𝑐𝑐⁄ =  𝑘𝑘𝑔𝑔𝑓𝑓𝐷𝐷𝑔𝑔,𝐷𝐷𝑉𝑉𝐷𝐷, 

where 𝑘𝑘𝑔𝑔𝑓𝑓𝐷𝐷𝑔𝑔,𝐷𝐷 is a (phenotype-dependent) cell growth rate with maximum 𝑘𝑘𝑚𝑚𝑙𝑙𝑚𝑚 . All 

living cells deplete niche resources 𝐸𝐸 at a rate proportional to their volume: 𝑐𝑐𝐸𝐸 𝑐𝑐𝑐𝑐⁄ =

−𝑘𝑘𝑚𝑚𝑙𝑙𝑚𝑚 ∑ 𝑉𝑉𝐷𝐷𝐷𝐷 . Cells divide lengthwise into two identical daughter cells once they

reach volume 2𝑉𝑉0 +  𝜂𝜂𝑑𝑑𝐷𝐷𝑑𝑑𝐷𝐷𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷, with 𝜂𝜂𝑑𝑑𝐷𝐷𝑑𝑑𝐷𝐷𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷 a uniform random noise term. Each

daughter’s axis vector 𝒂𝒂�𝐷𝐷 is perturbed slightly by a noise term with weight

𝜂𝜂𝐷𝐷𝑓𝑓𝐷𝐷𝑠𝑠𝐷𝐷𝐷𝐷𝑙𝑙𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠, to represent spatial imperfections in the division process. Following the

cell-growth phase, the cell configuration is returned to a quasi-stationary mechanical

equilibrium using an energy minimization algorithm, described previously (30, 31,

48–50).

T6SS firing and costs. T6SS+ cells can fire toxin-laden needles of length 

𝐿𝐿𝐷𝐷𝑠𝑠𝑠𝑠𝑑𝑑𝐷𝐷𝑠𝑠 outwards from points on their surface. Every timestep 𝑐𝑐𝑐𝑐, a focal T6SS+ cell 

𝑐𝑐 may fire 𝑁𝑁𝑓𝑓𝐷𝐷𝑓𝑓𝐷𝐷𝐷𝐷𝑔𝑔𝑠𝑠,𝐷𝐷  ≥  0 times. The number and spatial orientations of firings 

depend on the phenotype of the focal cell (Table S1). If the focal cell is a Random-

firing (‘R’-type) strategist, 𝑁𝑁𝑓𝑓𝐷𝐷𝑓𝑓𝐷𝐷𝐷𝐷𝑔𝑔𝑠𝑠,𝐷𝐷 is drawn from a Poisson distribution with mean 

𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠; these needles emanate from randomly-chosen points on the focal cell’s surface 

(Figure S1B). For retaliatory Tit-For-Tat (‘TFT’-type) strategists, needles instead 

emanate from surface points at which the focal cell was struck; 𝑁𝑁𝑓𝑓𝐷𝐷𝑓𝑓𝐷𝐷𝐷𝐷𝑔𝑔𝑠𝑠,𝐷𝐷 is then the 
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number hits sustained by the focal cell in a given timestep. Similarly, Two-Tits-For-

Tat (‘2TFT’-type) strategists fire back twice for every hit they sustain. To reflect the 

material and energetic costs of T6SS carriage and use, T6SS+ cells reduce their 

growth rate to  𝑘𝑘𝑔𝑔𝑓𝑓𝐷𝐷𝑔𝑔,𝐷𝐷 =  𝑘𝑘𝑚𝑚𝑙𝑙𝑚𝑚 �1 − 𝑐𝑐𝑇𝑇𝐷𝐷𝐷𝐷𝑙𝑙𝐷𝐷,𝐷𝐷�, where 𝑐𝑐𝑇𝑇𝐷𝐷𝐷𝐷𝑙𝑙𝐷𝐷,𝐷𝐷 =  𝑐𝑐𝐷𝐷𝑠𝑠𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝐷𝐷 +

𝑐𝑐�𝑁𝑁𝑓𝑓𝐷𝐷𝑓𝑓𝐷𝐷𝐷𝐷𝑔𝑔𝑠𝑠,𝐷𝐷 𝑐𝑐𝑐𝑐⁄ �. Here, 𝑐𝑐𝐷𝐷𝑠𝑠𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝐷𝐷 represents the cost of T6SS gene carriage, while the 

latter term reflects the ‘running’ costs of T6SS firing.  

T6SS hit detection. To determine whether a given firing event is successful, we run a 

two-step hit detection algorithm (32) to determine i) whether that needle intersected 

any other cell in the population, and if so ii) where on the target cell the needle struck 

(Figure S1B). Both checks involve standard methods in computational geometry 

(51): i) involves computing the shortest distance 𝑐𝑐𝑚𝑚𝐷𝐷𝐷𝐷 between the needle and cell 

line segments; 𝑐𝑐𝑚𝑚𝐷𝐷𝐷𝐷 < 𝑅𝑅 −  𝐿𝐿𝑠𝑠𝑠𝑠𝐷𝐷𝑠𝑠𝐷𝐷𝑓𝑓𝑙𝑙𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 indicates contact between the needle and 

the cell, where 𝑅𝑅 is the cell radius of the victim, and 𝐿𝐿𝑠𝑠𝑠𝑠𝐷𝐷𝑠𝑠𝐷𝐷𝑓𝑓𝑙𝑙𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 a small tolerance 

factor. Test ii) involves checking whether a needle vector passes through the 

cylindrical midsection of the cell, or through spheres of radius 𝑅𝑅 placed at its poles; 

whichever intercept lies closest to the needle’s origin is logged as the entry point 

(Figure S1B, middle, yellow stars). Here, we show an example of a needle (red 

arrow) that intercepts only the cell midsection, and a second example (magenta 

arrow) intercepting both the left polar sphere and the midsection.  

T6SS intoxication. Any cell struck by a T6SS needle fired from a non-kin cell 

becomes intoxicated (cells of the same genotype are assumed mutually immune). 

Cells respond to T6SS intoxication with a step-like dose-response: once a cell’s 

cumulative translocation count reaches threshold 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠, that cell begins to lyse. 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 

therefore parameterizes both the potency of a given T6SS effector, and the capacity 

of a victim cell to withstand it. Lysing cells die—and are immediately removed from 

the simulation—after a delay of 1 𝑘𝑘𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝑠𝑠⁄ , where 𝑘𝑘𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝑠𝑠 is the victim cell lysis rate. 

Lysing cells do not grow or consume niche resources. 
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Adaptive dynamics 

As in previous studies (52, 53), we use Adaptive Dynamics (35) to determine whether 

a focal strategy (U, R, TFT or 2TFT) could evolve from a given bacterial 

metapopulation, subject to different scales of ecological competition. This method 

uses short-term competition outcomes to infer the evolutionary fate of a rare, novel 

strategy in a metapopulation where a different ‘resident’ strategy predominates. If 

the novel strategist can reproduce faster than the resident strategist even when rare, 

its frequency in the metapopulation will increase, until eventually it supplants the 

resident. For example: to test whether an R strategist can invade a population of U 

strategists, we compare their effective fitnesses where one is rare, and the other 

common. For R to invade U, we require 

𝑊𝑊𝑓𝑓𝑠𝑠𝐷𝐷(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅 | 𝑐𝑐𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑐𝑐 𝐶𝐶) > 1, 𝑊𝑊𝑓𝑓𝑠𝑠𝐷𝐷(𝑐𝑐𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑐𝑐 𝑅𝑅 | 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶) ≥ 1, 

where 𝑊𝑊𝑓𝑓𝑠𝑠𝐷𝐷(𝑋𝑋 | 𝑌𝑌) is the relative fitness of X against Y. The first inequality specifies 

that R can invade U from rarity; the second checks that R is resistant to re-invasion 

by U once R becomes common. The definition of relative fitness 𝑊𝑊𝑓𝑓𝑠𝑠𝐷𝐷 depends upon 

the spatial scale of competition within the metapopulation. If competition is 

localized, then R competes primarily with nearby residents. Here, invasion is 

predicted simply from the ratio of strategists’ fitness within a spatial niche: R invades 

U provided that 

𝜔𝜔𝑅𝑅(𝑅𝑅 | 𝐶𝐶)
𝜔𝜔𝑈𝑈(𝑅𝑅 | 𝐶𝐶)

> 1,

where 𝜔𝜔𝑋𝑋(𝑋𝑋 | 𝑌𝑌) is the fitness of strategist X in competition with strategist Y, with 

𝜔𝜔𝑋𝑋 defined as 𝜔𝜔𝑋𝑋 =  𝑚𝑚𝑜𝑜𝐴𝐴𝑠𝑠(∑𝑉𝑉𝑋𝑋 (𝑐𝑐𝑠𝑠𝐷𝐷𝑑𝑑) ∑𝑉𝑉𝑋𝑋 (𝑐𝑐𝑠𝑠𝐷𝐷𝑙𝑙𝑓𝑓𝐷𝐷)⁄ ). Alternatively, competition 

may occur on much greater spatial scales, such that R must also compete with U 

strategists in other niches in the metapopulation. Assuming that R is initially rare, its 

encounters will predominately be with resident strategists, so its effective fitness is 

its reproductive capacity when in competition with U. Meanwhile, residents will 

encounter the novel strategy only rarely, and so will have an effective fitness based 

on reproduction when in competition with other residents. For R to invade U under 

these conditions, we require 

𝜔𝜔𝑅𝑅(𝑅𝑅 | 𝐶𝐶)
𝜔𝜔𝑈𝑈(𝐶𝐶 | 𝐶𝐶)

> 1,
𝜔𝜔𝑅𝑅(𝑅𝑅 | 𝑅𝑅)
𝜔𝜔𝑈𝑈(𝑅𝑅 | 𝐶𝐶)

≥ 1. 
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We refer to these two sets of inequalities as ‘local’ and ‘global’ invasion constraints. 

 

To create the 1-D invasion plots shown in Figure 1C, we computed mean values of 

𝜔𝜔𝑅𝑅(𝑅𝑅 | 𝑅𝑅), 𝜔𝜔𝑈𝑈(𝐶𝐶 | 𝐶𝐶),  𝜔𝜔𝑅𝑅(𝑅𝑅 | 𝐶𝐶) and  𝜔𝜔𝑈𝑈(𝑅𝑅 | 𝐶𝐶) for the R-strategist firing rates 

𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠 shown in Figure 1B, linearly interpolating one additional value between each 

pair of adjacent data points. We then classified each firing rate according to which of 

the local and global invasion constraints held true. We used the same methodology 

for other pairs of strategists (replacing U with TFT, 2TFT or a second R strategist; 

cf. Figure S3). For global invasion analyses of R1 vs. R2 competition (Figure 1E), 

we have the special case that the two global invasion constraints are equivalent (i.e. 

R1 invading R2 precludes R2 invading R1). Here, both strategists are characterized 

by their own independent firing rates 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1,𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅2 , and so invasion outcome is 

summarized by the 2-D colormap, 

𝐼𝐼𝐷𝐷𝐷𝐷𝑑𝑑
𝑔𝑔𝐷𝐷𝐷𝐷𝑔𝑔𝑙𝑙𝐷𝐷�𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1,𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅2� =  𝜔𝜔𝑅𝑅2(𝑅𝑅2 | 𝑅𝑅1) 𝜔𝜔𝑅𝑅1(𝑅𝑅1 | 𝑅𝑅1).⁄  

The corresponding invasion index for local competition scales (Figure 1D) is 

𝐼𝐼𝐷𝐷𝐷𝐷𝑑𝑑𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷�𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅1,𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅2� =  𝜔𝜔𝑅𝑅2(𝑅𝑅2 | 𝑅𝑅1) 𝜔𝜔𝑅𝑅1(𝑅𝑅2 | 𝑅𝑅1).⁄  

 

Computation and Postprocessing 

Agent-based model simulations were run on a 2017 Apple ® MacBook Pro laptop 

computer, with simulations distributed between an Intel ® 3.1GHz quadcore i7-

7920HQ CPU, an Intel ® HD 630 Graphics card, and an AMD Radeon Pro 560 

Compute Engine. Simulation data was analyzed using custom Matlab ® scripts 

(Version R2017a 9.2.0.556344), and visualized using Paraview software (Version 

4.3.1) (54). 

 

Bacterial strains and growth conditions for fluorescence microscopy 

P. aeruginosa PAO1 tssB-mNeonGreen, V. cholerae 2740-80 vipA-mCherry2 and V. 

cholerae 2740-80 vipA-mCherry2 Δhcp1 Δhcp2 were inoculated from Luria broth 

(LB) agar plates and grown aerobically at 37 °C in LB to an OD600 of 1 (about 3 h). 
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1 ml of each day culture was then pelleted at 11,000 g for 1.5 min and resuspended 

in LB to reach OD600 of 10. P. aeruginosa PAO1 tssB-mNeonGreen was mixed with 

V. cholerae 2740-80 vipA-mCherry2 or V. cholerae 2740-80 vipA-mCherry2 Δhcp1 

Δhcp2 in a 1:5 ratio (10 µl to 50 µl). 1.5 µl of both mixtures were spotted on a pad of 

1 % agarose in 1/3 LB and 2/3 phosphate buffered saline (PBS). The pad was covered 

with a glass coverslip and incubated for 30 minutes at 30 °C before imaging. 

 

Fluorescence microscopy 

For live-cell fluorescence microscopy, the same equipment was used as described 

previously (55, 56); a Nikon Ti-E inverted microscope with Perfect Focus System 

and a Plan Apo 1003 Oil Ph3 DM (NA 1.4) objective lens, a SPECTRA X light 

engine (Lumencore) and ET-GFP (Chroma #49002) and ET-mCherry (Chroma 

#49008) filter sets to excite and filter fluorescence. Exposure time was set to 150 ms 

and LED powers to 20 %. Images were recorded with a sCMOS camera pco.edge 4.2 

(PCO, Germany; 65 nm pixel size) and VisiView software (Visitron Systems, 

Germany). Imaging was carried out at 30 °C and 95 % humidity controlled by an 

Okolab T-unit (Okolab) and images were collected every 2 s for 5 min. The imaging 

experiments were performed in two biological replicates. 

 

Image analysis 

Image analysis and manipulation was carried out with Fiji (57). Contrasts were set 

equally for a set of compared images. Intensity of GFP and mCherry channels were 

corrected with the ‘simple ratio’ bleach correction function. Numbers of P. 

aeruginosa PAO1 tssB-mNeonGreen cells in contact with V. cholerae 2740-80 vipA-

mCherry2 or V. cholerae 2740-80 vipA-mCherry2 Δhcp1 Δhcp2 cells were counted 

based on the phase contrast and GFP channel. The number of T6SS structures per 

cell in P. aeruginosa PAO1 tssB-mNeonGreen was counted in the maximum 

intensity projection image of the GFP channel. Only T6SS structures of cells in 

contact with V. cholerae were counted. To quantify the number of repeated T6SS 

assemblies in kymograms, the “reslice” function was used. Only repeated T6SS 

assemblies directed towards V. cholerae cells were analyzed. Kymograms of V. 
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cholerae were used to calculate the time without new T6SS after contraction (2 s per 

pixel). Only T6SS assemblies directed towards P. aeruginosa cells were included in 

the analysis. All quantifications were performed manually. GraphPad Prism7 was 

used to display the histogram of repeated T6SS assemblies. The number of cells 

analyzed, averages with standard deviations and medians are given in the figure 

legend. 

 

Statistical analyses 

Unless indicated otherwise, the number of simulation replicates is five for each 

parameter combination shown. 2 biological replicates were used in all experiments. 

For comparative statistics (Figures 3B, 3D), we used a two-sample t-test. All 

statistical calculations were performed in Matlab ® (Version R2017a 9.2.0.556344).
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Figures 

Figure 1: Random T6SS firing is effective against both Unarmed strains and other Random attackers. (A) simulation 

snapshots showing initial and final cell configurations for surfacial competition between T6SS- ‘Unarmed’ strain (U, green) 

and a Random-firing T6SS+ strain (R, blue). Simulations are carried out for both low and high initial cell densities (left and 

right columns; initial cell populations 10 vs. 10 and 200 vs. 200 cells respectively); pie charts (left) chart the consumption of 

niche resources. Firing rate 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 = 50 firings cell-1 h-1. (B) Competition outcomes, measured by final R cell proportion, as a 

function of firing rate 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 for increasing initial cell densities (see legend, right). (C) Invasion plots showing outcomes of 

local and global invasion analyses for R vs. U competition (see Methods), as a function of firing rate 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅, for high initial cell 

density (200 vs. 200 cells); additional cases shown in Figure S4. (D,E) Pairwise invasion plots for competing R-type strategists 

(R1, R2), showing invasion outcomes for local (D) and global (E) competition scales for intermediate cell density (50 vs 50 

cells). Arrows mark progression of evolving firing rates 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅, converging on evolutionary stable strategy firing rates (ESS, 

white circles). Simulation parameters used throughout: 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠  =  2, 𝑐𝑐 =  0.001; 5 simulation replicates per case in B, C and 10 

per case in D, E. 
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Figure 2: ‘Tit-for-tat’ retaliatory T6SS firing is insufficient to robustly defeat random T6SS attackers (A): Model 

representation of retaliatory T6SS firing in response to a random attacker (R, blue). Following R’s initial attack (t1), the retaliator 

cell (TFT, yellow) fires T6SS needles outwards from the points on its surface where initial attacks struck (t2, magnified box). 

(B) Simulation snapshots showing initial and final cell configurations for competitions between R and TFT strategists (‘low’

and ‘high’ initial cell populations correspond to 10 vs. 10 and 200 vs. 200 cells as in Figure 1). (C) Competition outcome, 

measured by final R cell proportion, as a function of firing rate 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 for increasing initial cell densities (see legend, right). 

(D) Invasion plots showing outcomes of local and global invasion analyses for R vs. TFT competition, as a function of firing 

rate, 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅, for high initial cell density (200 vs. 200 cells). (E,F,G): analogous to B,C,D except with TFT replaced by 2TFT,

which counterattacks twice per successful oncomong attack. Simulation parameters: 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠  =  2, 𝑐𝑐 =  0.001. 5 simulation 

replicates per case in C,D,F,G.
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Figure 3: T6SS aiming and cost-saving allow 2-shot retaliators to beat random attackers. (A) Diagram comparing 
likelihood of successful T6SS attack for random firing (top) and retaliatory firing (bottom). (B) Measurements of absolute and 
non-kin cell hit probabilities from static, mixed cell populations, for random (R, blue) and retaliatory (2TFT, yellow) T6SS 
firing (*** = p <0.001, 2-way Student’s t-test). (C) Visual comparison of R and 2TFT cell growth rates during competition. 
Cell configuration and magnified sections are colored by cell type (left) or by growth rate (right). Magenta arrow highlights a 
single TFT cell whose growth rate is reduced by active firing; dead cells are outlined in red in the right-hand. (D) Comparison 
of R and 2TFT cell growth rates, measured at the end of 5 separate R vs. 2TFT competitions. (E,F) Comparison of R vs. 2TFT 
competition outcomes, in which 2TFT strategists are modified to remove T6SS aiming (F) and/or cost saving (E,F, right 
column), for increasing weapon costs 𝑐𝑐 (see legend in E, left column). 
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Figure 4: Repeated T6SS assemblies of P. aeruginosa. (A): Mixture of P. aeruginosa PAO1 tssB-mNeonGreen (green) with 

T6SS+ V. cholerae 2740‐80 vipA-mCherry2 (black). A merge of phase contrast and GFP channels is shown (left). 3.3 x 3.3 µm 

field of view is shown; scale bar 1 µm. Arrows point to assembled T6SS for which the contraction event is shown in the 

kymogram (2 s per pixel, 5 minutes in total, GFP channel). Kymograms show 1 to 6 repeated T6SS assemblies during 5 minutes. 

(B) Mixture of P. aeruginosa PAO1 tssBmNeonGreen (black) with T6SS+ V. cholerae 2740‐80 vipA-mCherry2 (magenta). A 

merge of phase contrast and mCherry channels is shown (left). 3.3 x 3.3 µm field of view is shown and scale bar represent 1

µm. Arrows point to assembled T6SS for which the contraction event is shown in the kymogram (2 s per pixel, 5 minutes in

total, mCherry channel). For at least 3 minutes after contraction, no T6SS assembly at the same location was observed (n = 

100, 2 biological replicates). (C) Histogram of repeated T6SS assemblies of P. aeruginosa PAO1 tssB-mNeonGreen cells in 

contact with V. cholerae 2740‐80 vipA-mCherry2 (average of repeated firings = 1.992, standard deviation of 0.975, Median: 2, 

n = 500, 2 biological replicates). 
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Supplementary Information 

SI Tables 

Table S1: T6SS strategists used in our agent-based model. 

Table S2: Table of agent-based model variables. 

Category Variable Symbol Units 

Geometric Position vector pi = (px, py, pz)i µm 

Orientation unit vector ai = (ax, ay, az)i - 

Segment length Li µm 

Volume Vi = 4𝜋𝜋R3/3 + 𝜋𝜋LiR2 µm3 

Specific growth rate kgrow,i = kgrow,max (1-ctotal,i) h-1

T6SS Total cost ctotal,i = cupfront + c (kfire,i) % 

Firing rate kfire,i = Nfirings,i(t) / dt Firings h-1 

Firings this timestep Nfirings,i Firings 

Cumulative hits Nhits,i Hits 

Genetic Cell genotype U, R, TFT or 2TFT - 
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Table S3: Table of agent-based model parameters. 

Type Parameter Symbol Value(s) Units Source 

D
om

ai
n 

Inoculum zone size Dhomeland 100 µm This study 

Inoculum population Ncells 20-400 cells This study 

Domain carrying capacity E0 10,000 V0 - This study 

C
el

l-b
as

ed
 

Max. growth rate kmax 1.0 h-1 Rudge2012 

Upfront T6SS cost cupfront 5 % This study 

Pro rata T6SS cost c 0.05 -0.5 % per kfire This study 

T6SS firing rate kfire 0-250.0 firings cell-1 h-1 Estimated from Basler2013 

Lysis delay klysis 0.8-8.0 h-1 Estimated from Basler2013 

Lethal hit threshold Nhits 1-3 - This study 

Needle length Lneedle 0.5 µm Estimated from Basler2013 

Min. needle penetration Lpenetration 10 nm Estimated from membrane width 

Cell radius R 0.5 µm Estimated from Basler2013 

Cell volume at birth V0 1.16 µm3 Estimated from Basler2013 

Cell division volume noise ηdivision 9 % Smith2016 

Cell division orientation 

noise 

ηorientation 0.2 % Smith2016 

N
um

er
ic

al
 

Simulation timestep dt 0.025 h Rudge2012 

Grid element size h 10 µm Smith2016 

CG absolute tolerance 𝝐𝝐CG 0.001 - Smith2016 

Max. contact iterations MIter, max 8 - Rudge2012 

M
ec

ha
ni

ca
l Regularization weight ɑ 0.04 - Smith2016 

Growth restriction factor 1 / ɣ 0.002 - Smith2016 
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SI Figures 

Figure S1: Agent-based modelling of T6SS-mediated competition. (A) Simulation time-lapse showing competition between 

Random T6SS attackers (R, blue) and T6SS- Unarmed cells (U, green) in a resource-limited niche. Final state (6.95 h) compared 

with that for U vs. U competition (right, 5.78 h). Pie charts track resource depletion; simulation parameters 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 = 2, 𝑐𝑐 =

0.001, 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 = 50.0 firings cell-1 h-1. (B) Overview of hit detection system: each T6SS needle is checked for intersection with 

neighbor cells’ midsections and polar spheres (middle). (C,D) Parameter sweeps for R vs. U competitions, plotting final R 

proportion against firing rates 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 for different cost factors 𝑐𝑐 (C), lysis rates 𝑘𝑘𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝑠𝑠 (D) and effector potencies 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 (D). 

Parameters: 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 = 2, 𝑘𝑘𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝑠𝑠 = 8.0 h-1 (C), 𝑐𝑐 = 0.001 (D); 5 replicates per case. Initial cell density 50 vs. 50 cells throughout. 
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Figure S2: Comparison of competition simulations between T6SS strategists. Repeats of 𝑘𝑘𝑓𝑓𝐷𝐷𝑓𝑓𝑠𝑠,𝑅𝑅 vs. cell density parameter 

sweeps, showing competition outcomes for different competitors (rows) and T6SS effector potencies 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 (columns). Panels 

analogous to those shown in Figures 1 and 2; 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 = 2 cases repeated here for reference. 𝑘𝑘𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝑠𝑠 = 8.0 h-1, 𝑐𝑐 = 0.001 and 5 

replicates per case throughout. 
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Figure S3: Comparison of invasion analyses between T6SS strategists. 1-D invasion plots show outcomes of local and 

global invasion analyses, analogous to those shown in Figures 1 and 2, for different competitors (left column) intial cell densities 

(right column), and T6SS effector potencies (middle two columns). 𝑁𝑁ℎ𝐷𝐷𝐷𝐷𝑠𝑠 = 2 cases repeated here for reference; color legends 

as in Figures 1 and 2. 𝑘𝑘𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝑠𝑠 = 8.0 h-1, 𝑐𝑐 = 0.001 and 5 replicates per case throughout. 
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Figure S4: Additional 2TFT ‘Knockout’ competitions. Repeats of R vs. 2TFT advantage ‘knockout’ parameter sweeps from 

Figure 3, showing variation in competition outcome with initial cell density (see legend). 𝑘𝑘𝐷𝐷𝑙𝑙𝑠𝑠𝐷𝐷𝑠𝑠 = 8.0 h-1, 𝑐𝑐 = 0.001 and 5 

replicates per case throughout. 
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Figure S5: Activation of P. aeruginosa T6SS by V. cholerae T6SS.  Mixture of P. aeruginosa PAO1 tssB-mNeonGreen with 

T6SS+ V. cholerae 2740‐80 vipA-mCherry2 (top) or with T6SS- V. cholerae 2740-80 vipA-mCherry2 Δhcp1 Δhcp2 (bottom). 

A merge of phase contrast, GFP and mCherry channels is shown (left) as well as the maximum intensity projection of the GFP 

channel with the accumulated T6SS events of P. aeruginosa PAO1 tssBmNeonGreen within 5 minutes (right). Large images 

have a field of view of 133.2 x 133.2 µm and the scale bars represent 30 µm. Small images are close ups and show a field of 

view of 13 x 13 µm and the scale bars represent 3 µm. T6SS structures per P. aeruginosa PAO1 tssB-mNeongreen cell in 

contact with either V. cholerae 2740‐80 vipA-mCherry2 (top) or V. cholerae 2740-80 vipA-mCherry2 Δhcp1 Δhcp2 (bottom) is 

shown (average with standard deviation, n > 6500 cells, 2 biological replicates). 
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Francisella requires dynamic type VI secretion
system and ClpB to deliver effectors for
phagosomal escape
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Francisella tularensis is an intracellular pathogen that causes the fatal zoonotic disease

tularaemia. Critical for its pathogenesis is the ability of the phagocytosed bacteria to escape

into the cell cytosol. For this, the bacteria use a non-canonical type VI secretion system

(T6SS) encoded on the Francisella pathogenicity island (FPI). Here we show that in F. novicida

T6SS assembly initiates at the bacterial poles both in vitro and within infected macrophages.

T6SS dynamics and function depends on the general purpose ClpB unfoldase, which

specifically colocalizes with contracted sheaths and is required for their disassembly. T6SS

assembly depends on iglF, iglG, iglI and iglJ, whereas pdpC, pdpD, pdpE and anmK are

dispensable. Importantly, strains lacking pdpC and pdpD are unable to escape from

phagosome, activate AIM2 inflammasome or cause disease in mice. This suggests that PdpC

and PdpD are T6SS effectors involved in phagosome rupture.

DOI: 10.1038/ncomms15853 OPEN
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F
rancisella tularensis is a Gram-negative bacterium that
causes the zoonotic disease tularaemia in human and animal
host. The severity of tularaemia varies depending on the

route of infection and the type of strain. The Francisella tularensis
subsp. tularensis is the most virulent strain and aerosol
transmission of a few bacteria can cause lethal pneumonia in
humans1. Given the low infectious dose and the severity of the
infection, subsp. tularensis has been classified as Tier 1 select
agent. The related strain Francisella tularensis subsp. novicida
(F. novicida) has in contrast low virulence in humans, but is
highly virulent in mice and thus often used as a laboratory model
for tularaemia2. The pathogenicity of both Francisella species is
linked to their ability to replicate in the cytosol of phagocytes,
such as macrophages or dendritic cells. After phagocytosis, the
bacteria shortly reside within a membrane-bound phagosome, but
subsequently disrupt the phagosomal membrane and escape into
the host cell cytosol, where they replicate3.

While phagosomal escape is essential for Francisella intracel-
lular replication and virulence in vivo, it also allows the host to
mount anti-microbial and innate immune defenses. Among these
are the production of type I interferons (type I IFNs) via
the cGAS-STING-IRF3 axis, the production of antimicrobial
guanylate-binding proteins (GBPs) and the activation of the
AIM2 (absent in melanoma 2) inflammasome, which controls
the release of mature IL-1b and IL-18 as well as the induction
of host cell death through pyroptosis4–11. Interferon production
and inflammasome activation require the recognition of bacterial
DNA in the cytosol, and have been linked to the lysis of cytosolic
Francisella. Mice deficient in these responses fail to control
bacterial replication, resulting in a fatal disease4–6,8,9. Francisella
virulence and the escape from the phagosomal compartment
requires a gene cluster referred to as the Francisella Pathogenicity
Island (FPI)12. Two nearly identical copies of the FPI are found
in subspecies tularensis, holarctica and mediasiatica. The
F. novicida genome contains only a single FPI copy13, but
features a related island called ‘Francisella novicida Island
(FNI)’14,15. The FPI has been suggested to encode a non-
canonical type VI secretion system (T6SS)16,17, which based on
gene content and phylogeny is proposed to represent a unique
T6SS subtype (T6SSii)18.

T6SS is a nanomachine capable of delivery of effector proteins
across target cell membranes of both bacterial and eukaryotic cells
and thus is often required for bacterial competition and
pathogenesis19–23. One of the hallmarks of this system is its
highly dynamic assembly that can be visualized by live-cell
fluorescence microscopy24,25. Assembly of T6SS starts by
formation of a membrane complex formed of TssJ, TssL and
TssM26. This is followed by assembly of a baseplate complex from
TssE, TssF, TssG, TssK and also VgrG, PAAR spike as well as
TssA in some organisms27–31. Baseplate complex then initiates
assembly of a long Hcp tube and TssB, TssC (or VipA, VipB)
sheath wrapped around the tube32. Both spike and Hcp tube can
associate with effectors and are delivered together into target cells
upon rapid sheath contraction33–39.

Even though the F. novicida sheath is structurally similar to the
sheath of canonical T6SS of V. cholerae40,41, it is unclear to what
extent the canonical T6SS assembly mechanisms apply to
Francisella. The reason is that Francisella T6SS is highly
divergent and clear homologues of several core components are
missing, such as TssE, TssF and TssG. In addition, many
components such as TssK, VgrG, Hcp and PAAR have only low
primary sequence homology to the canonical T6SS components.
For example, IglG was recently shown to be structurally similar to
PAAR proteins, which are required for T6SS function15,29. On the
other hand, the FPI cluster contains many genes of unknown
function, such as iglF, iglI, iglJ, pdpA, pdpC, pdpE, pdpD
and anmK. PdpA, PdpC and PdpD were identified by
mass-spectrometry as secreted by Francisella T6SS and
PdpC/PdpD were proposed to be effectors required for
phagosomal escape, intracellular growth and virulence42–48.
Interestingly, the FPI cluster lacks a homologue of an unfoldase
ClpV, which is present in all canonical T6SS clusters and
recycles contracted sheaths14,24,49,50. Overall, the non-canonical
gene composition suggests a unique mode of action of the
Francisella T6SS.
Here we show that F. novicida T6SS sheath cycles between

assembly, contraction and disassembly. Interestingly, the vast
majority of T6SS sheath assemblies initiate close or at the cell
pole. We show that ClpB colocalizes with contracted sheaths and
is required for sheath disassembly, however, is dispensable for
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Figure 1 | A schematic overview of Francisella T6SS genes. Assignments for gene functions are based on previous studies cited in the main text and our

observations: Black—structural components; Green—secreted structural components; Purple—secreted effectors; Blue—unfoldase; White—no clear

evidence for function; Shaded—required for efficient assembly. The Francisella FPI (pdpA–anmK) nomenclature and the canonical T6SS nomenclature for the

F. novicida genes is shown. Genes are drawn in scale.
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sheath assembly and contraction. T6SS dynamics and function
depends on iglF, iglG, iglI and iglJ, while pdpC and pdpD are
specifically required for phagosomal escape and virulence in a
mouse model of tularaemia, but also for the engagement of the
host innate immune response.

Results
Francisella T6SS is dynamic and assembles on the cell pole.
Francisella T6SS has a non-canonical gene composition and lacks
ClpV suggesting unique mode of action (Fig. 1). To understand
Francisella T6SS assembly and function, we searched for
conditions that would allow us to image subcellular localization
of TssB homologue IglA. We have serendipitously discovered
that F. novicida iglA-sfGFP grown to an exponential phase in
BHI media induced expression of IglA-sfGFP upon prolonged
incubation on an agarose pad under a glass coverslip.

Importantly, the increase in expression correlated with an
increase in number of IglA-sfGFP structures detected in the
bacteria (Fig. 2a,b). Time-lapse imaging at a rate of 20 frames per
minute showed that IglA-sfGFP structures extended across the
bacteria within 30 and 120 s with assembly speeds between 5 and
15 nm s� 1. After full assembly, the IglA-sfGFP structures
immediately contracted to approximately half of their original
length and became brighter (Fig. 2c; Supplementary Fig. 1a;
Supplementary Movies 1 and 4). After contraction, the sheath
structures were disassembled during the next B2–3min (Fig. 2c;
Supplementary Fig. 1a). The average fluorescence intensity of the
bacteria before and after one cycle of assembly, contraction and
disassembly was similar, suggesting that IglA-sfGFP remained
stable and folded during this cycle (Supplementary Fig. 1b).
Importantly, no IglA-sfGFP structures were detected in the
bacteria lacking the TssM homologue encoded by pdpB (Fig. 1),
suggesting that assembly of IglA-sfGFP structures is dependent
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Figure 2 | Increase of GFP intensity correlates with increased number of dynamic T6SS per bacterium. (a) GFP signal intensities of F. novicida U112

iglA-sfGFP and fluorescence background were measured every minute for three regions of interest containing 1–30 bacteria. Two independent experiments

were carried out. GFP intensity increase in a single F. novicida U112 iglA-sfGFP bacterium is shown at different time points. First image is a merge of

phase contrast and GFP channels, following images represent GFP channel only. (b) Number of bacteria and T6SS structures were counted at time points

between 0 and 120min in three regions of interest containing 36–191 bacteria. Two independent experiments were carried out. Error bars represent s.d.

(c,d) IglA-sfGFP localization in F. novicida U112 iglA-sfGFP wild type (c) and DpdpB (d). Arrowheads indicate T6SS sheath assembly and contraction. First

image is a merge of phase contrast and GFP channels, following images represent GFP channel only. (e) Model for quantification of T6SS assembly position.

Pole area was determined as 50% of total surface area equally distributed to both poles. (f) Model from e applied to F. novicida U112 iglA-sfGFP and

V. cholerae 2740-80 vipA-msfGFP. Merge of phase contrast and GFP channels is shown. For a,c,d and f 3.3� 3.3mm fields of view are shown.

Scale bar, 1mm.
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on the function of the whole T6SS (Fig. 2d; Supplementary
Movie 2). The dynamics of IglA-sfGFP localization is similar to
that of VipA-sfGFP in V. cholerae and is consistent with the fact
that IglA and IglB form a structure closely resembling V. cholerae
T6SS sheath25,40,41.

Interestingly, we also noticed that IglA-sfGFP sheaths were
preferentially assembled from the bacterial pole and thus often
formed structures as long as the bacterial length. To quantify the
preference for subcellular localization, we divided the bacterial
perimeter equally to a polar region and a mid-cell region (Fig. 2e)
and counted assemblies initiated in these two equally large
regions. Out of 851 assemblies, 821 assemblies (96.5%) were
initiated in the polar region. As a control, we performed the same
analysis for V. cholerae and show that only 53.8% (425 from 790)
assemblies were initiated in the polar region (Fig. 2f) as expected
for assemblies without preferred localization24,25,51. Taken
together, we show that F. novicida assembles a dynamic T6SS
sheath on the cell poles and that the sheath cycles through
assembly, contraction and disassembly similarly to what was
previously described for other canonical T6SSs.

ClpB is required for disassembly of contracted sheaths. The fact
that contracted sheaths were quickly disassembled without
apparent degradation of IglA-sfGFP suggested that F. novicida
recycles contracted sheaths using a mechanism similar to the
canonical ClpV-mediated sheath disassembly. The closest
homologue of V. cholerae ClpV in F. novicida genome is ClpB
(FTN_1743) (36% sequence identity). Interestingly, clpB was
previously shown to be required for survival of various stresses52

but also essential for intracellular replication and virulence of
F. novicida53,54.

Here we show that F. novicida lacking clpB mainly contained
bright IglA-sfGFP foci (Fig. 3a). Time-lapse imaging showed
that the F. novicida DclpB occasionally assembled new sheaths
with kinetics similar to that of the parental strain but after
contraction, the sheaths were never disassembled and remained
intact in the bacteria (Fig. 3a,b; Supplementary Movies 1 and 4).
Such assembly was still dependent on functional T6SS, as no
sheath extensions and contractions were detected in F. novicida
DclpB/pdpB. However, some bright, non-dynamic IglA-sfGFP
foci were detected in the absence of both clpB and pdpB
(Supplementary Fig. 2a; Supplementary Movie 2). This indicates
that activity of ClpB is required for recycling of contracted
sheaths, however, in case of a defect in ClpB function, some
non-dynamic IglA-sfGFP foci may form also in the absence of a
fully functional T6SS.
To test directly the role of ClpB in disassembly of the

contracted sheaths, we introduced clpB-mCherry2 fusion to the
native locus on the chromosome of the iglA-sfGFP or wild-type
strain. Fusing mCherry2 to ClpB had no influence on the ability
of F. novicida to survive heat shock indicating that such fusion is
fully functional (Supplementary Fig. 2d). ClpB-mCherry2
subcellular localization cycled between uniform cytosolic and
punctate localization and this dynamics was dependent on
the presence of pdpB (Supplementary Fig. 2b,c, Supplementary
Movie 3). When IglA-sfGFP and ClpB-mCherry2 were imaged
simultaneously, ClpB spots colocalized specifically with the
contracted sheaths (Fig. 3c; Supplementary Movies 3 and 5).
F. novicida uses the T6SS to escape from phagosome of cells

like macrophages and consistently IglA-sfGFP spots could be
detected in intracellular bacteria, implying the assembly of T6SS
sheaths40. To test whether sheath assembly is dynamic under
physiological conditions during infection, we infected primary
murine bone marrow-derived macrophages (BMDMs) from
wild-type C57BL/6 mice for 1 h with exponentially grown

F. novicida. After washing away non-phagocytosed bacteria, the
infected cells were fixed, stained with phalloidin and anti-F.
novicida LPS antibody and analysed by super resolution
structured illumination microscopy (SIM) to determine the
relative localization of actin, bacteria and T6SS sheaths
(Fig. 4a,b). This analysis confirmed that F. novicida reside
inside the macrophage and assemble T6SS sheaths.
Next, we imaged IglA-sfGFP and ClpB-mCherry2 dynamics

within F. novicida in live macrophages and observed that the
sheaths cycled through assembly, contraction and disassembly.
Importantly, ClpB-mCherry2 dynamically localized into spots
that colocalized with the contracted sheaths, suggesting that
ClpB is responsible for disassembly of the contracted sheaths
also within phagosomes of infected macrophages (Fig. 4c;
Supplementary Movie 6). In total, we analysed 30 sheath
assembly, contraction and disassembly events inside live macro-
phages and all of the assemblies originated from the cell pole
(Fig. 4c; Supplementary Movie 6). Together, these data suggest
that sheath dynamics and subcellular localization observed
during imaging of F. novicida on agarose pads is similar to that
of the sheath in the bacteria residing inside of live macrophages.
To determine the importance of ClpB for F. novicida pathogen-

esis, we infected BMDMs with F. novicida wild-type, DpdpB and
DclpB and determined the percentage of phagosomal and cytosolic
bacteria using a phagosome-protection assay based on selective
permeabilization of the plasma membrane with digitonin9.
F. novicida DclpB had a significant defect in phagosomal escape
at 4 h post infection, similarly to bacteria lacking the essential
structural component PdpB (Fig. 3d; Supplementary Fig. 3a).
Consistent with reduced cytosolic localization, we observed
significantly reduced levels of pyroptosis induction and cytokine
release in LPS-primed BMDMs infected for 10 h with F. novicida
DpdpB and DclpB, while the wild-type strain elicited strong
immune responses (Fig. 3e). Finally, we evaluated the role of ClpB
in vivo in a mouse model of tularaemia. We infected age- and sex-
matched wild-type C57BL/6 mice subcutaneously with 104 colony-
forming units (CFUs) of F. novicida wild-type, DpdpB and DclpB
and measured the bacterial burden at 2 days post infection. Mice
infected with F. novicida DclpB displayed significantly reduced
bacterial counts in the liver and spleen as compared to the mice
infected with F. novicida wild type, and in many cases no bacteria
could be recovered, similarly to what was observed with F. novicida
DpdpB (Supplementary Fig. 3b). Overall these results indicate that
ClpB acts as an unfoldase for the FPI-encoded T6SS sheath, and
that its activity is essential for T6SS dynamics and consequently
F. novicida virulence.

Differential requirement of FPI genes for sheath dynamics.
Almost all FPI genes were shown to be required for intracellular
replication probably due to a lack of phagosomal escape, however,
many genes of the FPI cluster have no known homologues or
were not characterized in detail14. Importantly, both structural
components of T6SS as well as putative effectors secreted by T6SS
are in principle essential for overall T6SS function, however,
effectors may be to a certain degree dispensable for T6SS
assembly. To provide an insight into which FPI genes are
required for assembly of T6SS and which may potentially encode
secreted effectors, we generated in-frame deletions of genes
for which we were unable to predict function based on homology
to known canonical T6SS components (Fig. 1). IglA-sfGFP
subcellular localization was then imaged in those strains under
the same conditions as used before for the parental strain.
In DiglF and DiglG strains, we detected on average 1 dynamic

sheath assembly per 400 and 500 cells, respectively, in 5min
(Supplementary Movie 2). This suggests that IglF and IglG may
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be required for efficient initiation of T6SS assembly. On the other
hand, iglI and iglJ are essential for sheath assembly as no sheath
assemblies were detected in more than 1,000 cells in 5min even
though IglA-sfGFP was expressed to the same level as in the
parental strain (Fig. 5a; Supplementary Movie 2). Consistent with
the defect in T6SS assembly, we found that DiglF, DiglG, DiglI and
DiglJ strains were unable to escape into the cytosol of the infected
macrophages, and consequently failed to activate cytosolic innate
immune signalling (Fig. 5b,c). We cannot completely rule out the
possibility that the observed phenotypes of mutants are due to
polar effects on expression of other T6SS genes. However, defect
in intracellular growth was previously successfully complemented
for iglF, iglG and iglI genes55.
Single deletion of pdpE, pdpC, pdpD and anmK or deletion of

both pdpD and anmK (DpdpD/anmK) or pdpC and pdpD (DpdpC/
pdpD) had no significant influence on sheath dynamics or
localization (Fig. 6a; Supplementary Movie 1). Only deletion of
all three genes pdpC, pdpD and anmK in the same strain decreased

frequency of sheath assembly by 30% from an average of one
structure per three cells to about one structure per five
cells (Supplementary Fig. 4a). Nevertheless, sheath assemblies in
DpdpC/pdpD/anmK still preferentially localized to the cell pole,
assembled with a similar speed and cycled through extension,
contraction and disassembly like in the parental strain
(Supplementary Fig. 4b,c; Supplementary Movie 1). Importantly,
DpdpE and DpdpC/pdpD/anmK assembled sheaths with dynamics
undistinguishable from the parental strain within infected macro-
phages (Supplementary Fig. 5e,f). In conclusion, our analysis
allowed us to identify FPI genes (iglF, iglG, iglI and iglJ) essential for
T6SS assembly and a distinct set of FPI genes (pdpE, pdpC, pdpD
and anmK) that are dispensable for T6SS assembly.

PdpC and PdpD are required for phagosomal escape. To test
whether pdpE, pdpC, pdpD and anmK genes are required for the
escape of F. novicida from phagosome, we infected BMDMs with
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merge of phase contrast, GFP and mCherry channels, following images represent GFP channel (upper panel) and mCherry channel (lower panel).

(d) Quantification of cytosolic bacteria in unprimed wild-type BMDMs 4h after infection with F. novicida U112 iglA-sfGFP wild type, DpdpB or DclpB
(normalized to wild type). (e) Release of LDH and mature IL-1b from primed wild-type BMDMs 10 h after infection with F. novicida U112 iglA-sfGFP wild type,

DpdpB or DclpB (NI—noninfected control). (a–c) 3.3� 3.3mm fields of view are shown. Scale bars, 1 mm. (d,e) Data are pooled from three independent

experiments (d) (mean and s.d. are shown) or representatives of three independent experiments (e) (mean and s.d. of triplicate wells are shown).

**Po0.01 and ****Po0.0001 (two-tailed unpaired t-test with Welch’s correction).
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F. novicida DpdpE, DanmK, DpdpC, DpdpD, DpdpD/anmK or
DpdpC/pdpD/anmK and determined the percentage of phagoso-
mal and cytosolic bacteria compared to wild-type and DpdpB
bacteria as outlined above (Supplementary Fig. 3a). Interestingly,
we found that deletion of pdpC resulted in a very strong defect in
phagosomal escape in comparison to wild-type bacteria, although
the reduction was smaller than with bacteria lacking the
structural component PdpB (Fig. 6b). F. novicida DpdpD and
DpdpD/anmK also showed a defect in phagosomal escape, which
was however less severe than the phenotype of a pdpC or pdpB
deletion. No significant difference in phagosomal escape was
observed between DpdpD and DpdpD/anmK strains, indicating
that AnmK plays no role in phagosomal escape, consistent
with the finding that phagosomal escape of the DanmK strain
was indistinguishable from the wild-type strain (Fig. 6b). To
determine whether the effect of a pdpC and pdpD deletion was
additive, we generated a strain lacking pdpC, pdpD and also
anmK. Interestingly, bacteria lacking pdpC/pdpD/anmK were
unable to escape from the phagosomal compartment similarly to
the DpdpB strain. In contrast, deletion of pdpE had no significant
effect on phagosomal escape (Fig. 6b).
Next, we tested the role of pdpE, pdpC, pdpD and anmK in

cytosolic innate immune detection of F. novicida. Consistent
with the reduced level of cytosolic localization, we found that

F. novicida DpdpC and DpdpC/pdpD/anmK induced significantly
lower levels of type I IFN production in unprimed BMDMs
infected for 10 h at an MOI of 100 (Supplementary Fig. 5c). The
triple mutant DpdpC/pdpD/anmK had the most severe phenotype
and only elicited IFN levels in the range of the DpdpB strain
(Supplementary Fig. 5c).
Since type I IFNs control the activation of the AIM2

inflammasome during F. novicida infection5, we examined the
level of inflammasome activation in LPS-primed infected
macrophages at different time points (Fig. 6c; Supplementary
Fig. 5a). While infection with F. novicida lacking pdpC or pdpD
resulted in significantly reduced levels of inflammasome activation,
only the deletion of both pdpC and pdpD completely abrogated cell
death induction and cytokine production in infected macrophages,
which was consistent with the reduced levels of cytosolic
localization and type I IFN induction in macrophages infected
with mutants lacking both proteins (Fig. 6b; Supplementary
Fig. 5c). Cell death induction and cytokine production in infected
macrophages was unchanged between cells infected with wild-type
and DanmK bacteria indicating that AnmK is not involved in
modulating inflammasome activation (Fig. 6c). Consistently, cell
death and cytokine production was comparable between cells
infected with F. novicida DpdpC/pdpD and DpdpC/pdpD/anmK or
F. novicida DpdpD and DpdpD/anmK. Importantly, the observed
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Figure 4 | T6SS dynamics in bone marrow-derived macrophages (BMDMs). (a) Merged wide field image and orthogonal view of BMDMs infected for

1 h with F. novicida U112 iglA-sfGFP clpB-mCherry2; in grey: actin staining, in magenta: LPS staining, in green: IglA-sfGFP. 41�41mm field of view,

scale bar, 5 mm. (b) Close up and orthogonal SIM view of bacterium highlighted with arrowheads in a; magenta: LPS staining, green: IglA-sfGFP. 5.1� 5.1mm
field of view, scale bar, 1 mm. (c) Time-lapse images of unprimed wild-type BMDMs infected with F. novicida U112 iglA-sfGFP clpB-mCherry2 for 1 h. First

image consists of merged phase contrast, GFP and mCherry channels. 30� 30mm field of view is shown. Scale bar, 5 mm. Close ups consist of GFP channel

(upper panel) and mCherry channel (lower panel). Close ups show 5� 5 mm. Scale bar, 1 mm. Arrowheads indicate T6SS sheath assembly, contraction and

location of sheath after contraction.
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changes in inflammasome activation were independent of
macrophage priming, since unprimed macrophages infected with
wild-type or mutant F. novicida responded similarly
(Supplementary Fig. 5b). Deletion of pdpE had no significant
effect on the level of type I IFN induction, pyroptosis and cytokine
release (Supplementary Fig. 5a–c).
Previous work has implicated the FPI in intracellular replication55,

therefore, we also examined intracellular replication of wild-type
or mutant F. novicida. We monitored growth over 24h of infection
in BMDMs lacking the inflammasome adaptor protein ASC as they
fail to trigger pyroptosis in response to bacterial infection8.
F. novicida wild-type and DpdpE replicated over the course of the
infection (Supplementary Fig. 5d), while bacteria that lacked
a dynamic T6SS (DpdpB or DclpB) or bacteria that had a dynamic
T6SS, but were deficient in phagosomal escape (DpdpC or
DpdpC/pdpD/anmK), were cleared over the course of the infection.
Consistent with reduced phagosomal escape, pdpD/anmK-deficient
bacteria also displayed a reduced rate of replication compared to
wild-type bacteria, however, the difference was not significant.
Finally, we examined the role of potential T6SS effectors

in vivo. Age- and sex-matched wild-type C57BL/6 mice were
infected subcutaneously with 104 CFUs of F. novicida wild-type
or strains deficient for the putative effectors, and the bacterial
burden in the liver and spleen as well as serum IL-18 levels were
assessed at 2 days post infection (Fig. 6d,e). The bacterial burden
closely correlated with phagosomal escape, in that a partial

reduction in virulence could be observed in DpdpC and
DpdpD/anmK-infected mice. Deletion of pdpC alone had a
stronger effect than deletion of pdpD/anmK although this
difference was only significant in the liver. Deleting all three
potential effectors, DpdpC/pdpD/anmK, rendered the bacteria
largely avirulent, similarly to the deletion of the T6SS structural
component pdpB. Consistent with the reduced levels of
inflammasome activation in vitro (Fig. 6c; Supplementary
Fig. 5a), we found that deletion of pdpB, pdpC, pdpD/anmK or
pdpC/pdpD/anmK resulted in significantly lower levels of serum
IL-18. A deficiency in pdpE appeared to have no effect on
virulence or host response, since infection with F. novicida DpdpE
resulted in bacterial burden and cytokine levels that were
comparable to infections with F. novicida wild type (Fig. 6d,e).
In summary, these results confirm previous studies indicating
that PdpC and PdpD are T6SS-secreted effectors. Moreover, we
show that PdpC and PdpD are dispensable for T6SS dynamics
and specifically facilitate the escape of F. novicida from the
phagosome into the host cell cytosol and therefore are essential
for Francisella virulence.

Discussion
We show here that Francisella T6SS sheath is under certain
conditions highly dynamic and ClpB is necessary for sheath
disassembly. Since ClpB-mCherry2 specifically colocalizes with
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the contracted sheaths, our data suggest that ClpB is directly
involved in Francisella sheath disassembly similarly to ClpV in
canonical T6SS (refs 24,49,50,56,57). Interestingly, Francisella
ClpB was also shown to alter the immune response in vivo58 and
to be required for heat shock survival52. However, we show here
that T6SS activity is dispensable for heat shock survival
(Supplementary Fig. 2d). This suggests that, in contrast to
canonical T6SS where ClpV is apparently solely dedicated to
sheath disassembly, Francisella ClpB has a dual role. This raises
the question how ClpB recognizes different substrates and

whether a specific adaptor protein is required to recognize
contracted sheaths similarly to adaptor proteins that recognize
substrates for AAAþ -mediated unfolding59–62. We show that
ClpB is important for F. novicida virulence, which is consistent
with what was shown previously52–54,58. Since all virulence
related phenotypes of clpB-negative strain correlated with the
phenotypes of the other strains with impaired T6SS dynamics
(Fig. 3; Supplementary Figs 2 and 3), we propose that in vivo
ClpB is mainly important for T6SS sheath disassembly. However,
refolding of substrates unrelated to T6SS may be required to
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Figure 6 | Contribution of uncharacterized FPI genes to T6SS function. (a) T6SS sheath assembly (arrowheads) in F. novicida U112 iglA-sfGFP DpdpE,
DanmK, DpdpC, DpdpD, DpdpD/anmK, DpdpC/pdpD and DpdpC/pdpD/anmK. GFP channel and 3.3� 3.3mm fields of view are shown. Scale bars, 1mm.

(b) Quantification of cytosolic bacteria in unprimed wild-type BMDMs 4h after infection with F. novicida U112 iglA-sfGFP wild type, DpdpB, DpdpE, DanmK,

DpdpC, DpdpD, DpdpD/anmK or DpdpC/pdpD/anmK (normalized to wild type). (c) Release of LDH and IL-1b from primed wild-type BMDMs 10 h after

infection with F. novicida U112 iglA-sfGFP wild type, DpdpB, DanmK, DpdpC, DpdpD, DpdpD/anmK, DpdpC/pdpD or DpdpC/pdpD/anmK (NI—noninfected

control). (d,e) Bacterial burden (as colony-forming units (CFUs) per gram tissue) in the spleen and liver (d) and serum IL-18 levels (e) of wild-type

C57BL/6JRj mice infected subcutaneously for 2 days with 1� 104 F. novicida U112 iglA-sfGFP wild type, DpdpB, DpdpE, DpdpC, DpdpD/anmK and

DpdpC/pdpD/anmK. Small horizontal lines indicate the mean. Each symbol represents an individual mouse (n¼ 5 per experiment). Graphs show pooled

data from two independent biological replicates with n¼ 5 per experiment (n¼ 10 total per group); small horizontal lines indicate the mean. (b–e) Data are

pooled from three independent experiments (b) (mean and s.d. are shown) or two independent experiments (d,e) or are representatives of three

independent experiments (c) (mean and s.d. of triplicate wells are shown). **Po0.01, ***Po0.001 and ****Po0.0001 (two-tailed unpaired t-test

with Welch’s correction (b,c) or Mann–Whitney test (d,e)).
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survive certain stresses, which Francisella encounter during
pathogenesis.
Detailed analysis of subcellular localization of dynamic T6SS

sheath shows that Francisella T6SS assembles on the bacterial cell
poles both in vitro as well as during infection of macrophages
(Figs 2e,f and 3c; Supplementary Fig. 5e,f). Interestingly, similarly
to what we show here for Francisella, ClpV-5 from T6SS-5 of
Burkholderia thailandensis was found to preferentially localize to
spots on bacterial poles63. Those spots were however less dynamic
than ClpB spots in Francisella and thus it remains to be directly
tested if assembly of T6SS-5 of B. thailandensis indeed initiates at
the poles. Interestingly, both T6SS-5 of B. thailandensis and
Francisella T6SS are required for manipulation of the eukaryotic
cells after bacterial internalization. However, unlike in Francisella,
T6SS-5 of B. thailandensis is only required for formation of
multinucleated giant cells after bacteria escape from endosomes
using T3SS63–67. Since T6SS sheaths almost always assemble as
long as the bacteria, one possible advantage of the polar
localization could be that the sheaths assembled from the pole
in rod shaped bacteria would be generally longer than the sheaths
assembled from the side of the cells. Given that the T6SS sheaths
only contract to about half of their extended size25, longer sheaths
may increase the distance to which T6SS can deliver effectors.
Interestingly, restricted subcellular localization was shown to
decrease T6SS efficiency in inter-bacterial competitions despite
increased overall activity51. However, since F. novicida is
completely surrounded by phagosome membrane, restricted
directionality of T6SS assembly should have no consequences
for delivery of effectors to the host cell. In addition, polar
localization of T6SS may increase chances of puncturing
phagosomal membranes, as those may be physically closer to
the bacterial poles when bacteria are in a tight membrane
compartment. As it was shown previously for inter-bacterial
interactions, proper aiming of the T6SS apparatus at the target
bacteria increases efficiency of substrate translocation37,51.
The primary function of the Francisella T6SS is to promote the

escape of Francisella from the phagosome. We show that
phagosome escape depends entirely on PdpC and PdpD, which
are dispensable for T6SS assembly and dynamics (Fig. 6a,b;
Supplementary Movie 1), suggesting that these proteins function
as effectors necessary for phagosomal escape. It is also possible
that PdpD and PdpC are required for activity or secretion
of yet uncharacterized T6SS effectors to promote phagosomal
escape, however previous work by Eshraghi et al.42 has shown
that F. novicida PdpC and PdpD are released by the T6SS in an
in vitro secretion assay, supporting the hypothesis that these
proteins function as secreted effectors in the target cell. Moreover,
F. tularensis and F. holarctica lacking pdpC are unable to escape
from the phagosome, induce cytotoxicity and replicate
intracellularly, and they are avirulent in a mouse model of
tularaemia43,44,46–48. These observations support our conclusions
that PdpC contribute to Francisella virulence, independent of the
Francisella tularensis subspecies. Whereas pdpC is conserved in all
subspecies of Francisella tularensis, pdpD is differentially
encoded45. Therefore, PdpD might have subspecies-specific
virulence related functions.
PdpC and PdpD share no homology with known effectors or

pore forming toxins, such as Listeriolysin O, type C phospho-
lipases or phenol-soluble modulins, that allow other cytosolic
bacteria (Listeria monocytogenes, Shigella flexneri, Burkholderia
thailandensis or Staphylococcus aureus) to escape from the
phagosome, and thus might represent a novel class of effectors
with membranolytic function68,69. The exact mechanism of how
these effectors destabilize the phagosomal membrane and if
this results in the recruitment of galectin-8, a marker of ruptured
vacuoles that recruits antimicrobial autophagy70, remains to be

analysed. The Francisella O-antigen allows the bacteria to avoid
ubiquitination and uptake into LC3-positive compartments71,
but whether Francisella can actively inhibit or escape autophagy
by injected effectors, as reported for Listeria and Shigella
is unknown72.

PdpE and AnmK, which are dispensable for T6SS assembly and
phagosomal escape (Fig. 6a,b), might be effectors whose function
is required once the bacteria enter the cytosol. However,
their contribution to overall bacterial replication and virulence
in vivo is minor (Fig. 6d,e; Supplementary Fig. 5d). In addition,
OpiA and OpiB, encoded outside of the FPI cluster, were recently
identified as T6SS secreted proteins, however, their contribution
to intracellular replication is also minimal in comparison to
the effects of a pdpC or pdpD deletion42. It is possible that
these effectors have tissue-specific functions, or that they are
required for Francisella replication in amoeba or within
arthropod hosts73,74.
Live-cell imaging of T6SS sheath dynamics suggests that IglF,

IglG, IglI and IglJ are putative structural components required for
T6SS assembly in Francisella (Fig. 5a; Supplementary Movie 2).
These proteins could be homologues of components of canonical
T6SS baseplate, which are difficult to identify using homology
modelling14,75 (Fig. 1). However, it is also conceivable that some
of these proteins may be secreted effectors or be required for
effector secretion, because deletion of certain effectors decreases
T6SS function in V. cholerae37,76. Nonetheless, our finding that
the dynamics of Francisella T6SS is possible to image in vitro will
help to dissect the assembly of this non-canonical T6SS and to
differentiate between structural components and translocated
substrates. Further analysis of the structural components will
reveal principles of T6SS evolution and defining the molecular
mechanisms by which Francisella effectors modulate host cell
signalling will significantly contribute to our understanding of
Francisella virulence.

Methods
Bacterial strains and growth conditions. Francisella tularensis subsp. novicida
strain U112 (hereafter F. novicida) and the derivative strains were grown at
37 �C with aeration in brain heart infusion (BHI) medium supplemented with
0.2% L-cysteine (Sigma) and appropriate antibiotics. Antibiotic concentrations
used were 100 mgml� 1 ampicillin (AppliChem) or 15mgml� 1 kanamycin
(AppliChem). A detailed strain list can be found in Supplementary Table 1. For
infection with F. novicida, BHI medium was inoculated with bacteria from BHI
agar plate (supplemented with 0.2% L-cysteine (Sigma) and appropriate antibiotics)
and were grown overnight at 37 �C with aeration.

Bacterial mutagenesis. All in-frame deletions were generated by homologous
recombination using the suicide vector pDMK3 as previously described77. A list of
plasmids, primers as well as remaining peptides encoded by deleted genes can be
found in Supplementary Table 2. To obtain single colonies after recombination,
bacteria were grown overnight at 37 �C on Mueller-Hinton agar (MHA)
supplemented with 0.1% D-glucose (Millipore), 0.1% FCS (BioConcept),
100 mgml� 1 ampicillin (AppliChem) and 0.1% L-cysteine (Sigma) (hereafter MHA
plate). Cloning product sequences were verified and chromosomal mutations were
tested by PCR using primers located outside of the replaced region. Sites of
homologous recombination of the chromosomal mutations were verified by
sequencing.

Heat shock survival assay. Heat shock survival assay was adapted from ref. 52.
In brief, bacteria were grown overnight as described above, diluted 1:40 in BHI
medium and grown for 3 h at 37 �C with aeration. Then bacteria were diluted
1:10 in 250ml BHI in a 1.5ml tube and incubated in a water bath at 50 �C for
0, 15 or 30min. At each time point the bacteria were transferred on ice and serial
dilutions were plated on MHA plates. The next day, CFUs were counted and the
concentration of surviving bacteria was calculated.

Fluorescence microscopy. Procedures and settings to detect a fluorescence signal
in F. novicida were employed as previously described37,41. All imaging was carried
out at 37 �C and humidity was regulated to 95% using a T-unit (Oko-lab). The
exposure time was set to 150ms for all channels. For bacterial imaging on agarose
pads, F. novicida strains from BHI plate were washed once with BHI, diluted
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1:40 in BHI medium and grown at 37 �C with aeration for 3–4 h. Bacteria from
1ml culture were re-suspended in 50–100 ml phosphate-buffered saline (PBS),
spotted on a pad of 1% agarose in PBS, covered with a cover glass (Roth) and either
imaged directly or incubated at 37 �C for 1 h before imaging. Images were collected
every 3 s for T6SS assembly speed quantification and every 30 s for assessment of
T6SS dynamics. For imaging of infected macrophages, BMDMs were seeded onto
cover glass (VWR) in 24-well plates at a density of 1.5� 105 cells per well and
infected with F. novicida at a multiplicity of infection of 100 in 1ml OptiMEM
(Life Technologies) as described below. Thirty minutes post infection, the BMDMs
were washed three times with OptiMEM and the cover glass was mounted on a pad
of 1% agarose in PBS BMDMs facing down. Images were collected every 30 s for
assessment of T6SS dynamics.

Image analysis. Fiji78 was used for all image analysis and manipulations as
described previously37,51. The ‘Time Series Analyzer V3.0’ plugin was used for
quantification of GFP signal intensity. For comparison of GFP signal intensities of
mutants and wild type, only bacteria without assembled T6SS structures were
considered. For quantification of T6SS activity in different mutants from 5min
time-lapse movies the ‘temporal colour code’ function was used. For kymograms
and T6SS assembly speed quantification the ‘reslice’ function was used. For
determination of subcellular localization of T6SS assembly the surface area of
bacteria was divided into an equally sized polar and mid cell area. The surface area
was calculated based on the model of a capsule using the manually measured length
and width of the bacteria (see formulas below). T6SS assemblies initiating in one of
the two pole areas were considered as T6SS assemblies at pole.

hm ¼ Heightmeasured

lm ¼ Lengthmeasured

r ¼ hm
2

lCylinder ¼ lm � hm

Atotal ¼ ASphere þACylinder ¼ 4pr2 þ 2prlCylinder

A0:5 ¼ 0:5�Atotal

For determination of subcellular localization of T6SS assembly, images of
V. cholerae 2740-80 were reanalysed from ref. 37. Contrast on compared sets of
images was adjusted equally. All imaging experiments were performed with at least
two biological replicates.

Structured illumination microscopy. BMDMs were seeded onto cover glass
(VWR) in 24-well plates at a density of 1.25� 105 cells per well and infected with
F. novicida at a multiplicity of infection of 100 for 1 h as described below. BMDMs
were washed three times with PBS and fixed for 10min at 37 �C with 4%
paraformaldehyde (Electron Microscopy Science). Cover glass was incubated with
chicken anti-F. novicida (1:2,000; a gift from D.M. Monack, Stanford University)
for 1 h at room temperature, then was washed three times with PBS, incubated with
goat anti-chicken coupled to Alexa 568 (1:500; Life Technologies) and
DY-647-Phalloidin (1:500; Dyomics) for another 45min at room temperature,
washed three times with PBS and was mounted on glass slides with Vectashield
(Vector labs). 3D-SM was performed on a microscope system DeltaVision
OMX-Blaze version 4 (Applied Precision, Issaquah, WA). Images were acquired
using a Plan Apo N 60� 1.42 numerical aperture oil immersion objective lens
(Olympus) and four liquid-cooled sCMOS cameras (pco Edge, full frame
2,560� 2,160; Photometrics). Optical z-sections were separated by 0.125 mm. The
laser lines 488 and 568 were used for 3D-SIM acquisition. Exposure times were
typically between 10 and 140ms, and the power of each laser was adjusted to
achieve optimal intensities of between 5,000 and 8,000 counts in a raw image of
15-bit dynamic range at the lowest laser power possible to minimize
photobleaching. Phalloidin Alexa-647 was acquired using the widefield mode
of the system. Raw 3D-SIM images were processed and reconstructed using the
DeltaVision OMX SoftWoRx software package (Applied Precision).

Cell culture and infection. Primary wild-type BMDMs from C57BL/6JRj mice
(Janvier) were differentiated in DMEM (Sigma) with 20% M-CSF (supernatants of
L929 mouse fibroblasts), 10% v/v FCS, 10mM HEPES, nonessential amino acids
and penicillin (100 IUml� 1)/streptomycin (100 mgml� 1) (all BioConcept). One
day before infection, BMDMs were seeded into 24- or 96-well plates (Eppendorf) at
a density of 1.5� 105 or 5� 104 cells per well in DMEM (Sigma) with 10% M-CSF
(supernatants of L929 mouse fibroblasts), 10% v/v FCS, 10mM HEPES and
nonessential amino acids (all BioConcept). Where required, BMDMs were
pre-stimulated overnight with LPS (from Escherichia coli strain O111:B4
(InvivoGen; tlr-3pelps)). F. novicida were grown overnight at 37 �C with aeration
as described above. The bacteria were added to the BMDMs at a multiplicity of
infection of 100 or the indicated value. The plates were centrifuged for 5min at
500g to ensure similar adhesion of the bacteria to the cells and were incubated for

120min at 37 �C. Next, the medium was replaced with fresh medium containing
10 mgml� 1 gentamicin (BioConcept) to kill extracellular bacteria, then plates were
incubated at 37 �C for the indicated length of time.

Cytokine and LDH release measurement. IL-1b and IL-18 were measured by
enzyme-linked immunosorbent assay (eBioscience). Lactate dehydrogenase (LDH)
was measured with an LDH Cytotoxicity Detection Kit (Takara). To correct for
spontaneous cell lysis and to normalize the values, the percentage of LDH release
was calculated as follows:

LDH valueinfected � LDH valueuninfected
LDH valuetotal lysis � LDH valueuninfected

�100

Phagosome protection assay. The amount of cytoplasmic and vacuolar bacteria
was measured as previously described79. In brief, BMDMs were seeded into 24-well
plates at a density of 1.5� 105 cells per well and F. novicida were grown for 4 h at
37 �C with aeration as described above. BMDMs were infected with F. novicida at a
multiplicity of infection of 100 for 4 h as outlined above. BMDMs were washed
three times with KHM buffer (110mM potassium acetate, 20mM Hepes, 2mM
MgCl2) and incubated for 1min with 75 mgml� 1 digitonin (Sigma) followed by
differential staining of cytoplasmic and total bacteria. Antibodies used for staining
were chicken anti-F. novicida (1:2,000; a gift from D.M. Monack, Stanford
University) and goat anti-chicken coupled to Alexa 647 (cytoplasmic bacteria) or
Alexa 488 (total bacteria) (1:500; both from Life Technologies). Stained bacteria
were analysed on a FACS-Canto-II. Percentage of cytosolic bacteria were
normalized to wild-type F. novicida as follows:

FACS value� FACS valueDpdpB
FACS valuewt � FACS valueDpdpB

�100

Intracellular bacterial growth assay. BMDMs were seeded into 24-well plates at
a density of 1.5� 105 cells per well and infected with F. novicida at a multiplicity of
infection of 1 as described above. After 2 and 24 h of infection, the BMDMs were
washed three times with PBS and lysed with 0.1% Triton-X 100 (Promega) for
10min at 37 �C. The bacteria were stained for 10min with chicken anti-F. novicida
(1:2,000; a gift from D.M. Monack, Stanford University), washed once with PBS
and stained for 10min with goat anti-chicken coupled to Alexa 647 and Alexa 488
(1:500 each; both from Life Technologies). A volume of 20 ml 123count eBeads
(eBioscience) was added to each sample. The samples were analysed on a
FACS-Canto-II by counting the number of bacteria per 5,000 beads. The CFU ratio
was calculated by dividing the number of bacteria at 24 h (output) with the number
of bacteria at 2 h (input).

Type I interferon measurement. One day before infection, ISRE-L929 reporter
cells (a gift from D.M. Monack, Stanford University) were seeded into black 96-well
plates with micro-clear bottom (Greiner) at a density of 1 105 cells per well in
DMEM (Sigma) with 10% v/v FCS and penicillin (100 IUml

�
� 1)/streptomycin

(100 mgml� 1) (both BioConcept). BMDMs were seeded into 96-well plates at a
density of 5� 104 cells per well and infected with F. novicida at a multiplicity of
infection of 100 as described above. After 10 h of infection, type I IFN production
was measured with the Bright-Glo Luciferase Assay System (Promega) as
previously described80.

Animal infection. All animal experiments were approved (licence 2535-26742,
Kantonales Veterinäramt Basel-Stadt) and were performed according to local
guidelines (Tierschutz-Verordnung, Basel-Stadt) and the Swiss animal protection
law (Tierschutz-Gesetz). Female 10 weeks old wt C57BL/6JRj mice (Janvier) were
infected subcutaneously with 104 CFUs of indicated stationary-phase F. novicida
strain in 50ml PBS. Mice were killed 48 h post infection. Bacterial load of spleen
and liver was analysed by plating the bacteria on MHA plates. The plates were
incubated for 24 h at 37 �C. IL-18 levels in the blood were measured by
enzyme-linked immunosorbent assay (eBioscience). No randomization or
‘blinding’ of researchers to sample identity was used.

Statistical analysis. Statistical data analysis was done using Prism 6.0h
(GraphPad Software, Inc.). To evaluate the difference between two groups
(T6SS per cell, T6SS assembly speed, subcellular localization of T6SS, bacterial
survival, cell death, cytokine release, phagosomal escape, bacterial growth and
IFN production) the unpaired two-tailed t-test with Welch’s correction was used.
Animal experiments were evaluated with a two-tailed Mann–Whitney test. P values
are given in the figure legends.

Data availability. The authors declare that the data supporting the findings of this
study are available within the paper and its Supplementary Information files.
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14. Bröms, J. E., Sjöstedt, A. & Lavander, M. The role of the Francisella Tularensis
pathogenicity island in type VI secretion, intracellular survival, and modulation
of host cell signaling. Front. Microbiol. 1, 136 (2010).

15. Rigard, M. et al. Francisella tularensis IglG belongs to a novel family of PAAR-
like T6SS proteins and harbors a unique N-terminal extension required for
virulence. PLoS Pathog. 12, e1005821 (2016).

16. Bingle, L. E., Bailey, C. M. & Pallen, M. J. Type VI secretion: a beginner’s guide.
Curr. Opin. Microbiol. 11, 3–8 (2008).

17. de Bruin, O. M., Ludu, J. S. & Nano, F. E. The Francisella pathogenicity island
protein IglA localizes to the bacterial cytoplasm and is needed for intracellular
growth. BMC Microbiol. 7, 1 (2007).

18. Russell, A. B. et al. A type VI secretion-related pathway in Bacteroidetes
mediates interbacterial antagonism. Cell Host Microbe 16, 227–236 (2014).

19. Alcoforado Diniz, J., Liu, Y.-C. & Coulthurst, S. J. Molecular weaponry:
diverse effectors delivered by the type VI secretion system. Cell. Microbiol. 17,
1742–1751 (2015).

20. Durand, E., Cambillau, C., Cascales, E. & Journet, L. VgrG, Tae, Tle, and
beyond: the versatile arsenal of type VI secretion effectors. Trends Microbiol.
22, 498–507 (2014).

21. Hachani, A., Wood, T. E. & Filloux, A. Type VI secretion and anti-host
effectors. Curr. Opin. Microbiol. 29, 81–93 (2016).

22. Ho, B. T., Dong, T. G. & Mekalanos, J. J. A view to a kill: the bacterial type VI
secretion system. Cell Host Microbe 15, 9–21 (2014).

23. Russell, A. B., Peterson, S. B. & Mougous, J. D. Type VI secretion
system effectors: poisons with a purpose. Nat. Rev. Microbiol. 12, 137–148
(2014).

24. Basler, M. & Mekalanos, J. J. Type 6 secretion dynamics within and between
bacterial cells. Science 337, 815 (2012).

25. Basler, M., Pilhofer, M., Henderson, G. P., Jensen, G. J. & Mekalanos, J. J. Type
VI secretion requires a dynamic contractile phage tail-like structure. Nature
483, 182–186 (2012).

26. Durand, E. et al. Biogenesis and structure of a type VI secretion membrane core
complex. Nature 523, 555–560 (2015).

27. Brunet, Y. R., Zoued, A., Boyer, F., Douzi, B. & Cascales, E. The type VI
secretion TssEFGK-VgrG phage-like baseplate is recruited to the TssJLM
membrane complex via multiple contacts and serves as assembly platform for
tail tube/sheath polymerization. PLoS Genet. 11, e1005545 (2015).

28. Planamente, S. et al. TssA forms a gp6-like ring attached to the type VI
secretion sheath. EMBO J. 35, 1613–1627 (2016).

29. Shneider, M. M. et al. PAAR-repeat proteins sharpen and diversify the type VI
secretion system spike. Nature 500, 350–353 (2013).

30. Zoued, A. et al. TssK is a trimeric cytoplasmic protein interacting with
components of both phage-like and membrane anchoring complexes of the
type VI secretion system. J. Biol. Chem. 288, 27031–27041 (2013).

31. Zoued, A. et al. Architecture and assembly of the type VI secretion system.
Biochim. Biophys. Acta 1843, 1664–1673 (2014).

32. Brunet, Y. R., Henin, J., Celia, H. & Cascales, E. Type VI secretion and
bacteriophage tail tubes share a common assembly pathway. EMBO Rep. 15,
315–321 (2014).

33. Flaugnatti, N. et al. A phospholipase A1 antibacterial type VI secretion effector
interacts directly with the C-terminal domain of the VgrG spike protein for
delivery. Mol. Microbiol. 99, 1099–1118 (2016).

34. Hachani, A., Allsopp, L. P., Oduko, Y. & Filloux, A. The VgrG proteins are ‘à la
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Assembly: 9.8 nm s-1

Assembly: 14 nm s-1

b

Assembly: 5.7 nm s-1

0 s 126 s 300 s

0 s 114 s 300 s

0 s 114 s 300 s

Supplementary Figure 1 : Assembly speed varies between bacteria. (a) Kymograms of slow (~ 5 nm s-1) to fast (~

14 nm s-1) T6SS assemblies (arrowheads) over 5 minutes (3 s per pixel) in F. novicida U112 iglA-sfGFP. First image is

a merge of phase contrast and GFP channel, following images represent GFP channel only. 3.3 x 3.3 fields of view

are shown. Scale bars represent 1 . (b) GFP intensities were measured a frame before and a frame after a

complete assembly-disassembly cycle in two independent experiments. 30 bacteria were analyzed per experiment.

GFP intensities measured in F. novicida U112 iglA-sfGFP wild-type and pdpB were compared in four independent

experiments. 30 bacteria were analyzed per experiment. Standard deviation was calculated.

= 1.06 ± 0.07
. . = 0.96 ± 0.23
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Supplementary Figure 2: T6SS activity is required for ClpB spot localization but dispensable for ClpB-

dependent heat tolerance. (a) IglA-sfGFP localization and foci (empty arrowheads) in F. novicida U112 iglA-sfGFP 

ΔclpB/pdpB. First image is a merge of phase contrast and GFP channels, following images represent GFP channel 

only. 3.3 x 3.3 μm fields of view are shown. Scale bars represent 1 μm. (b) IglA-sfGFP and ClpB-mCherry2 localization 

in F. novicida U112 iglA-sfGFP clpB-mCherry2 ΔpdpB. First image is a merge of phase contrast, GFP and mCherry 

channels, following images represent GFP channel (upper panel) and mCherry channel (lower panel). (c) ClpB-

mCherry2 localization dynamics in F. novicida U112 clpB-mCherry2. First image is a merge of phase contrast and 

mCherry channels, following images represent mCherry channel only. Arrowheads indicate ClpB recruitment. (d) Heat 

shock survival assay performed with F. novicida U112 iglA-sfGFP wild-type, ΔpdpB, ΔiglF, ΔpdpD/anmK, ΔclpB and 

clpB-mCherry2 at 50 °C for 0, 15 and 30 min. Data are pooled from three independent experiments. *P < 0.05 (two-

tailed unpaired t-test with Welch’s correction). (a-c) 3.3 x 3.3 μm fields of view are shown. Scale bar represents 1 μm.
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Supplementary Figure 3: F. novicida U112 iglA-sfGFP ΔclpB fails to escape into the cytosol and is avirulent in 

vivo. (a) Representative FACS blots from the quantification of cytosolic (white gates) and vacuolar bacteria (grey 

gates) by flow cytometry in unprimed wild-type BMDMs 4 h after infection with F. novicida U112 iglA-sfGFP wild-type, 

ΔpdpB or ΔclpB. Numbers next to the gates indicate the percentage of cytosolic and vacuolar bacteria. (b) Bacterial 

burden (as colony-forming units (CFU) per gram tissue) in the spleen and liver of wild-type C57BL/6JRj mice infected 

subcutaneously for 2 days with 1 x 104 F. novicida U112 iglA-sfGFP wild-type, ΔpdpB or ΔclpB. Each symbol 

represents an individual mouse (n = 8 (wild-type), 10 (ΔpdpB), 15 (ΔclpB) (spleen), or n = 13 (wild-type), 10 (ΔpdpB), 

15 (ΔclpB) (liver)); small horizontal lines indicate the mean. Data are pooled from two independent experiments. ****P 

< 0.0001; NS - not significant (Mann-Whitney test).
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Supplementary Figure 4: pdpE, anmK, pdpC and pdpD and play no role in T6SS sheath localization and 

dynamics. (a) Quantification of number of T6SS sheath structures per bacterium within 5 min of imaging. (b) 

Quantification of T6SS sheath assembly at poles. (c) Quantification of T6SS assembly speed. Averages of three 

independent experiments. 30 bacteria per experiment were analyzed. Error bars represent standard deviation. No 

significant differences to wild-type (two-tailed unpaired t-test with Welch’s correction). 
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Supplementary Figure 5: Putative effector mutants show distinct innate immune activation and survival within 

macrophages. Release of LDH and IL-1β from (a) LPS-primed wild-type BMDMs 10 h or (b) unprimed wild-type 

BMDMs 24 h after infection with F. novicida U112 iglA-sfGFP wild-type, ΔpdpB, ΔpdpE, ΔpdpC, ΔpdpD, ΔpdpD/anmK, 

ΔpdpC/pdpD/anmK or ΔclpB (NI - noninfected control). (c) Quantification of type-I-interferon release in the supernatant 

of unprimed wild-type BMDMs infected for 10 h with F. novicida U112 iglA-sfGFP wild-type, ΔpdpB, ΔpdpE, ΔpdpC, 

ΔpdpD, ΔpdpD/anmK, ΔpdpC/pdpD/anmK or ΔclpB. (d) Intracellular growth within Asc-/- BMDMs during the first 24 h of 

infection with F. novicida U112 iglA-sfGFP wild-type, ΔpdpB, ΔpdpE, ΔpdpC, ΔpdpD/anmK, ΔpdpC/pdpD/anmK or 

ΔclpB. Growth was calculated as ratio of number of bacteria at 24 h (output) divided by the number of bacteria at 2 h 

(input). (f, e) Timelapse images from BMDMs infected for 1 h with F. novicida U112 iglA-sfGFP ΔpdpE (e) and ΔpdpC/

pdpD/anmK (f). 30 x 30 μm fields of view are shown. First image consists of merged phase contrast channel and GFP 

channel. Scale bar represents 5 μm. The close ups show 5 x 5 μm. Scale bar represents 1 μm. Close ups consist of 

GFP channel. (a-d) Data are representatives of three independent experiments (a-c) (mean and standard deviation of 

triplicate wells are shown) or pooled from three independent experiments (small horizontal lines indicate the mean) (d). 

*P < 0.05 and **P < 0.01; NS - not significant (two-tailed unpaired t-test with Welch’s correction).
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Abstract 

Many bacterial secretions systems required for host-pathogen interactions reside at 

bacterial poles. Nonetheless, little is known about how these secretion systems are 

localized to the poles and whether polar localization is important for their function. 

Francisella Type VI secretion system (T6SS) is localized to the poles and is essential 

for phagosomal escape and thus Francisella virulence. Here we characterize the 

spatio-temporal dynamics of T6SS membrane complex biogenesis, which is the first 

step in T6SS assembly. We show that membrane complex biogenesis at bacterial 

poles depends on PdpB, IglE and DotU but is independent of other FPI components. 

Furthermore, membrane complex formation does not depend on protein synthesis in 

contrast to T6SS sheath assembly suggesting differential regulation of FPI 

components. In addition, we show that IglI, a member of the TssA family, localizes 

at the poles and co-localizes with the distal end of growing T6SS sheaths.  

Introduction 

Subcellular organization of bacterial cells was long underappreciated. Due to 

advances in electron and fluorescence microscopy, it became evident that bacteria 

are highly organized in a temporal and spatial manner (Surovtsev and Jacobs-

Wagner, 2018). A compartment with distinct properties are the poles in rod-shaped 

bacteria. The poles provide physical and biochemical cues important for the 

organization of the whole bacterial cell (Surovtsev and Jacobs-Wagner, 2018; 

Young, 2006). In addition, because new peptidoglycan is laterally inserted in most 

rod-shaped bacteria, the polar peptidoglycan is more stable (Typas et al., 2011; 
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Young, 2006). Thus, it is favorable to localize large protein complexes as well as 

proteins, which need to be in close proximity of each other, at the poles as they will 

not be separated during cell growth (de Pedro et al., 2004). Indeed, complexes such 

as Type IVa pili, flagella, chemoreceptors and secretion systems we shown to be 

polarly localized (Carter et al., 2017; Huitema et al., 2006; Surovtsev and Jacobs-

Wagner, 2018; Thiem and Sourjik, 2008; Yamaichi et al., 2012). Polar secretion 

systems became of special interest as they are often important for host-pathogen 

interactions (Carlsson et al., 2009; Chakravortty et al., 2005; Charles et al., 2001; 

Jain et al., 2006; Jeong et al., 2017; Morgan et al., 2010; Rosch and Caparon, 2004; 

Scott et al., 2001). 

One of the best-studied polar secretion system is the Type IV secretion system 

(T4SS) in Legionella pneumophila, which requires the T4SS for maintaining the 

Legionella containing vacuole (LCV) inside eukaryotic cells (Qiu and Luo, 2017). 

Interestingly, polar localization of Legionella T4SS is required for full virulence as a 

mislocalized secretion apparatus leads to virulence defects despite of functional 

effector secretion (Jeong et al., 2017). A possible advantage of polar secretion could 

be that the local concentration of effector protein is higher if they are secreted from 

single site, or that Legionella is in close contact with the membrane of the LCV at 

the poles. While the exact mechanism of how Legionella T4SS is localized to the 

poles is unknown, cell division proteins are likely involved as T4SS were observed 

at newly formed septa (Jeong et al., 2017). In addition, polar localization depends on 

the structural components of T4SS, DotU and IcmF (Ghosal et al., 2019). 

Previously, we showed that Francisella tularensis subspecies novicida (F. novicida) 

assembles a polar Type VI secretion system (T6SS), which is essential for 

phagosomal escape and intracellular survival (Brodmann et al., 2017; Bröms et al., 

2010; Chong and Celli, 2010). This non-canonical T6SS is encoded on the 

Francisella pathogenicity island (FPI) (Bröms et al., 2010). While the causative 

agents of the deadly zoonotic disease tularemia Francisella tularensis subspecies 

tularensis and subspecies holarctica harbor two identical FPIs, F. novicida encodes 

only one (Bröms et al., 2010; Oyston et al., 2004). On the other hand, F. novicida 

encodes an additional putative T6SS on the Francisella novicida island (FNI) (Bröms 

et al., 2010; Rigard et al., 2016). 
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In general, FPI genes have low sequence homology to canonical T6SS core 

components and important components such as a specific unfoldase are missing. 

Conversely, the FPI contains several genes with unknown function (Bingle et al., 

2008; Bröms et al., 2010). Nevertheless, Francisella T6SS sheath dynamics was 

shown to be similar to canonical T6SS when visualized by live-cell fluorescence 

microscopy (Basler and Mekalanos, 2012; Basler et al., 2012; Brodmann et al., 

2017). Canonical T6SS assembly starts with assembly of a membrane complex 

(Durand et al., 2015; Rapisarda et al., 2019). In Francisella, the membrane complex 

is formed by IglE (homolog of TssJ), PdpB (TssM) and DotU (TssL) (de Bruin et al., 

2011; Durand et al., 2015; Nguyen et al., 2014; Rapisarda et al., 2019). The 

membrane complex anchors the baseplate to the cell envelope (Wang et al., 2019). 

Based on bioinformatic analysis, Francisella base plate consists of IglH (TssE) and 

IglD (TssK) (Brunet et al., 2015; Cherrak et al., 2018; Rigard et al., 2016). However, 

clear homologs of TssF and TssG are missing. The baseplate harbors the spike 

complex with associated effectors and serves as scaffold for the assembly of a long 

cytosolic sheath with an inner tube. In Francisella, the spike complex consists of 

VgrG and IglG (homolog of canonical PAAR proteins) as well as PdpA, which was 

shown to interact with VgrG (Eshraghi et al., 2016; Rigard et al., 2016; Shneider et 

al., 2013). In addition, IglG was shown to interact with IglF but the function of IglF 

remains unknown (Rigard et al., 2016). Upon an unknown signal, the extended sheath 

made of IglA (TssB) and IglB (TssC) subunits contracts and expels the inner IglC 

(Hcp) tube together with the spike complex and effectors PdpC and PdpD towards a 

target (Brodmann et al., 2017; Brunet et al., 2014; Clemens et al., 2015; Eshraghi et 

al., 2016; Kudryashev et al., 2015; Sun et al., 2007; Wang et al., 2017). Then, general 

purpose unfoldase ClpB recycles the contracted Francisella T6SS sheath (Alam et 

al., 2018; Bönemann et al., 2009; Brodmann et al., 2017; Pietrosiuk et al., 2011). 

Additional FPI components with unknown function IglI and IglJ are required for 

T6SS assembly while PdpE and AnmK are not (Brodmann et al., 2017). On the other 

hand, in some organisms, baseplate and sheath assembly is coordinated by TssA, 

which is missing in Francisella (Abdelrahim Zoued et al., 2016; Dix et al., 2018; 

Planamente et al., 2016) 

Up to date, polar localization of dynamic T6SS is unique to F. novicida (Brodmann 

et al., 2017). Interestingly, Burkholderia thailandensis, which requires T6SS-5 for 
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pathogenesis and formation of multinucleated giant cells, was shown to polarly 

localize ClpV-5 (Schwarz et al., 2014). However, ClpV-5 foci were less dynamics 

and localize to poles also in the absence of a functional T6SS-5 (Lennings et al., 

2019; Schwarz et al., 2014). Since polar secretion systems are often required for host-

pathogen interactions (Carlsson et al., 2009; Chakravortty et al., 2005; Charles et al., 

2001; Jain et al., 2006; Jeong et al., 2017; Morgan et al., 2010; Rosch and Caparon, 

2004; Scott et al., 2001), it is likely that polar localization of T6SS in Francisella is 

important for virulence. However, little is known about how Francisella T6SS is 

localized to the poles. Although the membrane complex is formed as first step in 

canonical T6SS assembly and defines subcellular localization, nothing is known 

about Francisella membrane complex biogenesis. In addition, the role of FPI 

components with unknown function for polar localization of the T6SS remains to be 

elucidated. 

Here we show that F. novicida membrane complex is stably formed at one or both 

poles even in the absence of other FPI components and known proteins involved in 

cell division. Membrane complex biogenesis depends on PdpB, IglE and DotU. 

Membrane complex starts forming after 20 minutes incubated on an agarose pad and 

does not require protein synthesis in contrast to sheath assembly. Furthermore, we 

show that ImpA domain containing IglI is polarly localized, is required for T6SS 

sheath assembly and may co-localize with the distal end of a growing sheath. Last, 

we show that while the putative T6SS on the FNI is not assembled under our 

conditions, FNI component FTN_0045 forms distinct foci and its deletion affects 

Francisella T6SS dynamics. 
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Results 

To characterize the formation of polar T6SS membrane complex in F. novicida in a 

temporal and spatial manner, we first tagged membrane complex components PdpB 

and DotU with fluorescent proteins to follow membrane complex dynamics using 

live-cell fluorescence imaging (figure 1 B-E). Since non-functional proteins are also 

often localized to the poles (Stewart et al., 2005), we tested msfGFP and mScarlet-I 

fusions to minimize the possibility that the polar localization is due to aggregation. 

In addition, we checked for proper T6SS function in the PdpB and DotU tagged 

mutants by monitoring sheath assembly by live-cell fluorescence microscopy. After 

1 h incubation on an agarose pad, we saw distinct PdpB or DotU foci at either one 

pole or both poles in a cell (figure 1 A-E). Both msfGFP and mScarlet-I fusions 

showed similar polar localization and sheath assembly was unaffected. While PdpB 

and DotU tagged with msfGFP or mScarlet-I behaved similarly, tagged sheath 

subunit IglA with sfGFP or mCherry2 showed differences in assembly speed and 

sheath length. T6SS sheaths were significantly shorter and assembly was 

significantly slower with IglA-mCherry2 than with IglA-sfGFP (figure 1 G). 

Interestingly, PdpB and DotU foci were stable before, during and after T6SS sheath 

assembly and contraction (figure 1 B-E). As reported previously only approximately 

30 % of cells assemble sheath after 120 min incubation on an agarose pad (Brodmann 

et al., 2017), however, most cells lacking detectable sheath assembly still formed 

stable PdpB or DotU foci. Since F. novicida is small compared to other bacteria, we 

verified subcellular localization of DotU-mScarlet-I with live-cell structural 

illumination microscopy (SIM) (figure 1 F). Indeed, most bacterial cells contained 

one or two DotU-mScarlet-I foci at the poles. In addition, sheath assemblies were 

observed originating from a labelled membrane complex. 

To identify proteins required for subcellular localization of PdpB-mScarlet-I and 

DotU-mScarlet-I, we monitored their localization in various mutant backgrounds 

(figure 2 A-B). Polar localization of PdpB-mScarlet-I was abolished in a ΔdotU 

mutant (figure 2 A). Polar localization of DotU-mScarlet-I depended on PdpB or IglE 

but remained polar in the absence of IglF, IglI or IglJ (figure 2 B). However, signal 

intensity of DotU-mScarlet-I in ΔpdpB and ΔiglF mutants was lower than in the 

parental strain suggesting that protein stability is affected in these mutants and thus 
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could have contributed to delocalization of DotU-mScarlet-I in the ΔpdpB mutant. A 

polar effect of iglF deletion can be ruled out, as we previously restored T6SS activity 

by expressing IglF from a plasmid (Brodmann et al., 2018).  

In order to follow biogenesis of the Francisella membrane complex, we imaged 

PdpB-mScarlet-I or DotU-mScarlet-I immediately after the bacterial cells were taken 

from liquid cultures and spotted on an agarose pad (figure 2 C-F). Interestingly, PdpB 

and DotU were already expressed and localized at the cell periphery when imaging 

started (figure 2 C-F). After 20 minutes of imaging, stable polar PdpB or DotU foci 

were formed (figure 2 C, E). During the time course of 1 h, signal intensity of both 

fusion proteins only slightly increased in contrast to the gradual increase in signal 

intensity of IglA-sfGFP. Most sheath assemblies were detected after 1h of incubation 

on the pad. Most PdpB or DotU foci remained stable over the time course of imaging. 

Since signal intensity of the membrane complex remained similar over time, we 

wanted to know if membrane complex formation depends on protein synthesis. Thus, 

we supplemented the liquid culture with 1000 µg/ml chloramphenicol (4x MIC 

(Ikäheimo et al., 2000)) for 1 h and spotted the bacterial cells on an agarose pad also 

containing 1000 µg/ml chloramphenicol in order to inhibit protein synthesis. 

Surprisingly, stable PdpB or DotU foci still formed in the presence of 

chloramphenicol after 20 min of incubation on the pad (figure 2 D, F). In contrast, 

IglA-sfGFP signal intensity remained unchanged and no sheath assemblies were 

observed (figure 2 D, F). These results suggest that expression of membrane complex 

components and sheath components are differently regulated and that polar 

localization of the membrane complex is independent of protein synthesis despite the 

fact that PdpB and DotU foci form only after 20 minutes of encountering an agarose 

pad. 

Since polar localization of Legionella T4SS was suggested to depend on cell division 

proteins (Jeong et al., 2017), we deleted several genes implicated in cell division or 

in subcellular organization and which had decreased virulence in transposon screens 

(figure 3) (Ahlund et al., 2010; Brunton et al., 2015; Kraemer et al., 2009; Su et al., 

2007). We found three different phenotypes. First, deletion of minD, parB, 

FTN_0340, FTB_0938 and FTN_1507 led to neither localization defect nor 

decreased T6SS activity (figure 3 A). Second, deletion of ftsA, virK, fipA and dsbB 

decreased T6SS activity without altering subcellular localization (figure 3 B-C). FtsA 
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and VirK were not associated with Francisella T6SS activity before. FtsA interacts 

with the FtsZ ring at the inner membrane during cell division and is required for its 

stabilization (Aarsman et al., 2005). Function of VirK is unknown, however it is 

associated with virulence in Shigella and Salmonella (Detweiler et al., 2003; Nakata 

et al., 1992). Interestingly, virK is encoded downstream of opiB1-3, components 

secreted in a T6SS dependent manner in F. novicida (Eshraghi et al., 2016). FipA 

and DsbB are both involved in disulfide bridge formation in periplasm and are 

required for proper folding of IglC (Lo et al., 2016; Qin et al., 2016). Thus, decreased 

T6SS activity in these deletion mutants is likely due to decreased stability of T6SS 

components such as IglC. Third set of deletions included minC, ispZ and slt (figure 

3 D). These deletions resulted in aberrant cell shapes (ΔminC and ΔispZ) and 

formation of minicells (ΔminC) and importantly also abrogated sheath assemblies. 

Interestingly, deletion of minD has no observable phenotype. IspZ is a putative 

intracellular septation protein A, which was shown to be required for normal 

intracellular cell division in Shigella (Mac Síomóin et al., 1996). In a Δslt mutant, 

polar T6SS sheath assemblies were observed but only in rod-shaped cells suggesting 

that the soluble lytic murein transglycosylase is not directly required for inserting the 

membrane complex into the cell wall. It is unclear if decreased or abrogated T6SS 

activity in minC, ispZ and slt mutants is caused by the deletion of these genes or if it 

is a consequence of aberrant cell shapes. 

HHpred analysis (Zimmermann et al., 2018) of FPI components with unknown 

function revealed that IglI has a putative N-terminal ImpA domain (amino acid 40 – 

182) similar to proteins of the TssA family (Dix et al., 2018; Planamente et al., 2016;

Schneider et al., 2019; Zoued et al., 2016). Therefore, we tagged IglI with mScarlet-

I and analyzed its subcellular localization using live-cell wide-field fluorescence

microscopy and SIM (figure 4 A-B). Despite rapid bleaching of IglI-mScarlet-I, we

detected its localization to the poles even in cells containing no sheath assemblies

(figure 4). Interestingly, using deconvolution and SIM, we observed two different

subcellular localizations for IglI-mScarlet-I in the cells with ongoing sheath assembly

(figure 4 A-B). In some cases, IglI-mScarlet-I localized to the distal end of an

assembling sheath (figure 4 A-B, example 1). In other examples, IglI-mScarlet-I

stayed at the pole during sheath assembly (figure 4 A-B, example 2). In order to

investigate whether polar localization of IglI-mScarlet-I in cells without sheath
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assembly depends on any other FPI components, we deleted pdpB, dotU, iglE, iglF 

and iglJ in IglI-mScarlet-I background and assessed its subcellular localization. 

Interestingly, IglI-mScarlet-I was polarly localized in all of these deletion mutants, 

suggesting that IglI-mScarlet-I localizes to the poles independently of other structural 

T6SS components (figure 4 C).. 

Since F. novicida encodes an additional putative T6SS on the FNI (figure 5 A), we 

wondered if T6SSFNI is functional. Therefore, we tagged IglAFNI with msfGFP in an 

IglAFPI-mCherry2 background. However, we did not find any conditions in which we 

could observe T6SSFNI assembly (figure 5 B). Since the membrane complex is 

assembled before T6SS assemblies occur (figure 2 C-F), we also tagged DotUFNI with 

mScarlet-I, however, we did not see any distinct DotUFNI-mScarlet-I foci (figure 5 

C). In order to trigger T6SSFNI assembly, we reasoned that one of the FNI genes with 

unknown function might encode a post-translational repressor of T6SS similar to 

TagF in Pseudomonas aeruginosa or Serratia marcescens (Lin et al., 2018; 

Silverman et al., 2011). Thus, we deleted FTN_0045, FTN_0046, FTN_0047, 

FTN_0052 and FTN_0053, however, we observed no T6SSFNI sheath assembly in 

any of these deletion mutants after incubation on an agarose pad for 1 h (figure 5 D). 

Interestingly, when we tagged FTN_0045, which harbors a putative N-terminal ImpA 

domain (amino acid 27-189) similarly to IglI, we observed dynamic FTN_0045-

mScarlet-I spots (figure 6 A). In addition, SIM revealed that FTN_0045-mScarlet-I 

foci never overlapped with IglAFPI-sfGFP foci (figure 6 B, two examples). To find if 

FTN_0045-mScarlet-I foci formation is dependent on any FNI or FPI genes, we 

tested several deletion mutants in FTN_0045-mScarlet-I background. Deletion of 

pdpBFNI, pdpB, dotU, iglI, iglB, clpB and ftsA did not alter FTN_0045-mScarlet-I foci 

formation (figure 6 C). Interestingly, deletion of FTN_0045 resulted in the increase 

of the time between T6SSFPI sheath assembly and contraction (figure 6 D). Such 

stalled sheath assemblies are not regularly observed in the presence of FTN_0045 as 

the sheaths tend to contract immediately after full length assembly similar to sheath 

dynamics in P. aeruginosa and Acinetobacter baylyi (Brodmann et al., 2017; Ringel 

et al., 2017; Schneider et al., 2019). Importantly, deletion of FTN_0045 did not cause 

a polar effect as expression of FTN_0045 from pFNMB2 in a FTN_0045 deletion 

mutant had a retention time between sheath assembly and contraction comparable to 

the parent stain (figure 6 D). 
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Discussion 

We showed that Francisella T6SS membrane complex is stably formed at the poles 

before sheath assemblies occur (figure 1). This is similar to Escherichia coli, where 

stable membrane complexes also form albeit at random subcellular localizations 

(Durand et al., 2015). In E. coli, the assembly of TssM depends on the outer 

membrane TssJ but is independent of TssL (Durand et al., 2015). Interestingly, 

formation of the PdpB membrane complex spot is dependent on DotU in Francisella 

(figure 2 A). Since PdpB stability decreases without DotU (de Bruin et al., 2011), it 

is possible that polar localization is required for its stability, however, it is also 

possible that we failed to detect low amount of polarly localized PdpB. In addition, 

formation of DotU foci was dependent on PdpB (figure 2 B). Only one PdpB or DotU 

spot was resolved at one particular pole by either wide field fluorescence microscopy 

or SIM, however, there could be several membrane complexes assembled at one 

locus. Indeed, there is an example of T6SS arrays in Amoebophilus asiaticus, which 

encodes another non-canonical but unrelated T6SS (Böck et al., 2017). 

Strikingly, most Francisella cells assembled a membrane complex at one or both 

poles (figure XX). However, only about 30 % of cells assembled a dynamic sheath 

under the same conditions despite apparently having the same amount of IglA-sfGFP 

(Brodmann et al., 2017). This indicates that there are additional regulation 

mechanisms that activate T6SS sheath assembly or that some low copy number 

essential components are limiting T6SS assembly. FPI transcription is regulated by 

at least six transcriptional regulators, which integrate signals from different pathways 

(Bröms et al., 2010). This complex regulatory network may also explain the 

observation that DotU and IglA expression is apparently differently regulated (Fig 

XX). Indeed, dotU and iglA lie on two different operons, which are differentially 

repressed by Hfq (Meibom et al., 2009). 

In canonical T6SS, membrane complex formation requires 5-12 copies of each 

component, while sheath and inner tube assembly require up to thousands copies per 

structure (Lin et al., 2019; Wang et al., 2017). Thus, it would be cost-effective for 

Francisella to express components of the membrane complex first and only express 

high copy number subunits after sensing additional stimuli. Accordingly, 
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phagosomal escape occurs 1 – 4 h post infection (Chong et al., 2008), leaving enough 

time to synthesize sheath and inner tube components. However, it also raises the 

question why membrane complex components are already expressed in liquid 

culture. One explanation could be that, components of the membrane complex are 

inserted into the cell envelope during cell division as suggested for Legionella T4SS 

(Jeong et al., 2017). However, this seems unlikely for PdpB and DotU as we showed 

that membrane complex foci formed after 20 min of incubation on an agarose pad 

(figure 2 C-F). In agreement, deletion of several genes involved in cell division did 

not abrogate polar T6SS assembly (figure 3). In canonical T6SS, the whole 

membrane complex cannot be inserted without peptidoglycan remodeling. Thus, 

some T6SS clusters encode specific peptidoglycan hydrolases (Santin and Cascales, 

2017; Weber et al., 2016). Since the FPI does not encode a peptidoglycan hydrolase, 

it is possible that a general peptidoglycan hydrolase makes space for T6SS membrane 

complex insertion.  

Interestingly, time-lapse imaging suggested that membrane complex foci are only 

formed after 20 min incubation on an agarose pad suggesting that there is additional 

regulation for membrane complex biogenesis (Figure 2 C and E). In addition, we 

usually observed T6SS sheath assemblies only at one pole even if both poles harbored 

a membrane complex focus, suggesting that T6SS sheath assembly is regulated. This 

could be similar to a threonine phosphorylation pathway that regulates initiation and 

positioning of T6SS assembly on a post-translational level in some organisms (Basler 

et al., 2013; Casabona et al., 2013; Fritsch et al., 2013; Lin et al., 2014; Mougous et 

al., 2007; Ostrowski et al., 2018; Silverman et al., 2011). 

Next, we showed that IglI is localized to the poles and may co-localize with the distal 

end of an assembling sheath. Bioinformatics analysis showed a putative N-terminal 

ImpA domain similar to members of the TssA protein family, which have diverse 

structures and functions (Dix et al., 2018; Planamente et al., 2016; Santin et al., 2018; 

Schneider et al., 2019; Zoued et al., 2016). Similarly to TssA in E. coli, IglI is 

essential for T6SS function in F. novicida (Brodmann et al., 2017, 2018; Zoued et 

al., 2016). TssA in E. coli initiates sheath assembly at the baseplate and then co-

localizes with its distal end during sheath assembly (Zoued et al., 2016). In contrast, 

IglI was observed both at the distal end of a sheath and also at the membrane during 

on-going sheath assembly (figure 4 A-B). SIM imaging showed that IglI often co-
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localizes with small pre-assembled IglA foci in cells without fully assembled sheaths 

(figure 4 A), however, IglI also localizes at the poles in cells with no apparent sheath 

assemblies (figure 4 B-C). In addition, unlike TssA in E. coli, IglI localizes to foci in 

the absence of the membrane complex (figure 4 C), however IglI is not required for 

polar localization of the membrane complex (figure 2 B). It is also interesting that 

IglI is not always localized at the distal end of an assembling sheath but sometimes 

only localizes to the membrane as was previously reported for P. aeruginosa TssA1 

(Schneider et al., 2019).  

Lastly, we checked subcellular localization of T6SSFNI, the additional putative T6SS 

encoded on the FNI (Bröms et al., 2010; Rigard et al., 2016). Unfortunately, T6SSFNI 

sheath or membrane complex assembly was never observed under our conditions 

(figure 5 B,C). In addition, we found no repressor in the FNI cluster (figure 5 D) that 

would function similarly to a post-translational repressor TagF in P. aeruginosa and 

S. marcescens (Lin et al., 2018; Silverman et al., 2011). It is likely that either not all

necessary T6SSFNI components are expressed or that additional positive stimuli are

missing under our test conditions.

Since FTN_0045 is the only FNI component, which was identified in a transposon 

screen for intracellular virulence factors (Kraemer et al., 2009), we were interested 

in its subcellular localization. Interestingly, FTN_0045 contains a putative N-

terminal ImpA domain and formed dynamic foci, which were formed independently 

of other FNI or FPI components (figure 6 A-C). Surprisingly, deletion of FTN_0045 

affected T6SS sheath dynamics and elongated the time sheaths remained extended 

(figure 6 D). In E. coli and V. cholerae, an additional TssA-like protein called TagA 

is localized to the membrane opposite of the baseplate and stabilizes the extended 

sheath (Santin et al., 2018; Schneider et al., 2019; Szwedziak and Pilhofer, 2019). 

Deletion of TagA results in sheaths contracting immediately upon full assembly 

(Santin et al., 2018). Thus, deletion of FTN_0045 seems to have the opposite 

phenotype of tagA deletion, however the mechanism of how FNI component 

FTN_0045 affects T6SSFPI sheath dynamics remains to be elucidated. 

In summary, we characterized dynamics of Francisella T6SS membrane complex 

assembly, which occurs at one or both poles, which is dependent on PdpB, IglE or 

DotU but independent of other FPI components. In addition, we showed that IglI is 

required to initiate T6SS sheath assembly similar to TssA in E. coli. Future 
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experiments will have to elucidate the necessary components for localizing 

Francisella T6SS to the poles and answer the question if Francisella possesses post-

translational regulation for initiating T6SS activity. Nevertheless, understanding the 

spatial-temporal dynamics of Francisella T6SS assembly will allow better inhibition 

of Francisella pathogenicity in future.  
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Material and Methods 

Bacterial strains and growth conditions 

Francisella novicida U112 (F. novicida) and derivative strains were grown 

aerobically in brain heart infection (BHI) broth or on BHI agar plates at 37 °C. The 

medium was always supplemented with 0.1 % L-cysteine (Acros Organics) and 

either with ampicillin (100 µg/ml AppliChem) or with kanamycin (15 µg/ml, 

AppliChem) when strains harbored expression plasmids. To induce gene expression, 

100 ng/ml anhydrotetracycline (ATc, IBA) was added to the liquid culture at OD600 

of 0.02 for 3 h. Escherichia coli DH5α λpir (E. coli) and derivative strains were 

aerobically grown in Luria broth (LB) or on LB agar plates supplemented with 50 

µg/ml kanamycin at 37 °C. All strains are listed in table 1. 

 

Bacterial mutagenesis 

To introduce in-frame deletions and tag genes with fluorophores on the chromosome 

of F. novicida, suicide vector pDMK3 was used (Lindgren et al., 2007). Fluorophores 

were c-terminally linked to corresponding genes by an Ala-Ala-Ala-Gly-Gly-Gly 

linker. After the end codon of the fluorophore, 10 amino acids of the tagged gene 

was added in order to avoid polar effects on downstream genes. Expression plasmid 

pFNMB2 was used for gene expression under a tetracycline inducible promoter 

(Brodmann et al., 2018). Mutagenesis and conjugation was carried out as reported 

previously (Brodmann et al., 2017, 2018). For conjugation, a donor E. coli strain 

from A. Harms and C. Dehio (Harms et al., 2017) was used. In short, recipient F. 

novicida and donor E. coli strains were grown in liquid cultures until OD600 of 1. 1 

ml of each culture was washed once in LB broth and mixed together in 20 µl of LB. 

The mixture was spotted on a LB agar plate supplemented with 300 µM 2,6-

Diaminopimelic acid and incubated at 25 °C over night. Then, the mixture was plated 

on Muller Hinton agar plates supplemented with 0.1 % L-cysteine, 0.1 % D-glucose 

(Millipore), 0.1 % fetal calf serum (BioConcept), 100 µg/ml ampicillin and 15 µg/ml 

kanamycin. The plates were incubated at 37 °C for 2 days. F. novicida colonies 

harboring the plasmid were restreaked on BHI agar plates supplemented with 0.1 % 

L-cysteine, 100 µg/ml ampicillin and 15 µg/ml kanamycin. For negative selection, 

colonies were restreaked on LB agar plates supplemented with 0.1 % L-cysteine, 10 
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% sucrose and 100 µg/ml ampicillin and incubated at room temperature for a couple 

of days. All plasmids and remaining peptides of in-frame deletions are listed in table 

2. All cloning products were sequenced and sites of homologous recombination were 

verified by PCR.  

 

Fluorescence live cell imaging 

Microscope set up was described previously (Brodmann et al., 2017; Kudryashev et 

al., 2015; Vettiger and Basler, 2016). A Nikon Ti-E inverted motorized microscope 

was used for live-cell fluorescence imaging. The microscope was equipped with 

Perfect Focus System and a Plan Apo 1003 Oil Ph3 DM (NA 1.4) objective lens. 

Fluorescence was excited and filtrated with SPECTRA X light engine (Lumencor) 

along with ET-GFP (Chroma #49002) and ET-mCherry (Chroma #49008) filter sets. 

The exposure time for each channel was set to 150 ms. Images were collected with a 

sCMOS camera pco.edge 4.2 with a pixel size of 65 nm (PCO) and VisiView 

software (Visitron). For imaging, day cultures of F. novicida parental and mutant 

strains were inoculated from plate at an OD600 of 0.02 without any antibiotics. For 

strains harboring an expression plasmid, the medium was supplemented with 15 

µg/ml, kanamycin and 100 ng/ml ATc to induce expression. At an OD600 of 1, the 

cultures were concentrated in phosphate saline buffer (PBS) to an OD600 of 10. 1.5 

µl of the concentrated cultures was then spotted on a pad consisting of 1 % agarose 

in PBS. The agarose pad was incubated at 37 °C for 1 h before imaging at 30 °C and 

95 % humidity (T-unit, Okolab). For long-term imaging, the liquid cultures were 

supplemented with 1000 µg/ml chloramphenicol in dimethylsulfoxid (DMSO, 

Sigma-Aldrich) or just the similar volume of DMSO as control at OD600 of 0.8 and 

incubated aerobically for 1 h. The concentrated cultures were spotted on a pad 

consisting of 1 % agarose in PBS supplemented with or without 1000 µg/ml 

chloramphenicol in DMSO. Then, imaging started immediately. In general, images 

were collected every 5 s for 3 min. For the long-term imaging, images were collected 

every 5 min for 1 h.  
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Image analysis 

Image analysis was carried out with Fiji software (Schindelin et al., 2012) as 

previously described (Basler et al., 2013; Vettiger and Basler, 2016). For comparison 

of fluorescent signal intensities, the contrast was set to same values for sets of 

compared images. Kymograms were made with the “Reslice” function. If not stated 

otherwise, no deconvolution was applied. In necessary, Huygens Remote Manager 

(http://huygensrm.org) was used for deconvolving images. ”Classic maximum 

likelihood estimation “algorithm was applied with background estimation set to auto. 

40 iterations were run and quality change stopping criterion was 0.1. 

Quantification of T6SS activity from 3 min time-lapse movies was carried out with 

the “temporal colour code” function. T6SS activity is shown as relative T6SS activity 

of mutants compared to parental strain in order to account for daily variations. Three 

biological replicates were analyzed with at least 1000 cells per field of view. 

Determination of the time between stopped assembly and contraction was performed 

with the “Reslice” function. Only events were taken into account with visible 

assembly stop and contraction. Analysis included three biological replicates with at 

least 105 events per strain in total. T6SS sheath length and assembly speed was 

quantified with “Reslice” function. Three biological replicates were analysed with at 

least 67 events in total. 

Live-cell structural illumination microscopy (SIM) 

Samples were prepared as described above. 3D SIM was performed with on a 

microscope system DeltaVision OMX-Blaze version 4 (GE Healthcare) equipped 

with a Plan Apo N 60x (NA 1.42) oil immersion objective lens (Olympus) and four 

liquid-cooled sCMOS cameras (Edge 5.5, full frame 2.560 x 2160; PCO). 488 nm 

and 568 nm solid state laser lines were used for excitation of fluorescence with 10 % 

laser intensity. Exposure time was between 12 - 120 ms. Exciting light was directed 

through a movable optical grating to generate a fine-striped interference pattern on 

the sample plane. The pattern was shifted laterally through five phases and three 

angular rotations of 60° for each Z-section. Z-sections were spaced by 0.125 µm. 

Raw 2D-SIM images were processed and reconstructed using DeltaVision OMX 

SoftWoRx software package (v6.1.3, GE Healthcare). The resulting size of the 

http://huygensrm.org/


III. RESULTS

163 

reconstructed images was of 512 x 512 pixels from an initial set of 256 x 256 raw 

images. 

Homology predictions 

Amino acid sequences of FNI genes (uniprot.org) were used for homology detection 

and structure prediction by HMM-HMM comparison (HHpred) with the online MPI 

Bioinformatics Toolkit (Zimmermann et al., 2018).  

Statistical analysis 

Statistical analysis of data was performed with Prism8 (GraphPad Software). To test 

if the retardation of T6SS sheath contraction is significantly different in mutants 

compared to parental strain, one-way ANOVA (α = 0.05) with correction for multiple 

comparison (Tukey’s multiple comparisons test) was used. p-values and q-values are 

given in the figure legend. Differences in T6SS sheath length and assembly speed 

were tested with an unpaired two-tailed t-test with Welch’s correction. p-values are 

given in the figure legend. 

Author contributions 

M.Br. and M.Ba. designed experiments, analyzed and interpreted the results. M.Br.,

L.P. and L.D. generated strains and acquired data. M.Br. and M.Ba. wrote the

manuscript. All authors approved the manuscript.

Acknowledgment 

We thank M.A. Horwitz (UCLA) for providing the strain F. novicida U112 iglA-

sfGFP, D.M. Monack (Stanford University) for the conjugation plasmid pDMK3, A. 

Harms and C. Dehio (Biozentrum, University of Basel) for the E. coli conjugation 

strain and the Imaging Core Facility (Biozentrum, University of Basel), in particular 

Alexia Ferrand, for the technical assistance provided on the OMX microscope. The 

work was supported by Swiss National Science Foundation (SNSF) grant XX and 



III. RESULTS

164 

the University of Basel. M.Br. was supported by the Biozentrum Basel International 

PhD Program "Fellowships for Excellence”. L.P. was supported by the Biozentrum 

Basel "Bachelor Research Summer Internship" program. 

Declaration of interests 

The authors declare no competing interests. 



III. RESULTS

165 

References 

Aarsman, M.E.G., Piette, A., Fraipont, C., Vinkenvleugel, T.M.F., Nguyen-Distèche, M., and den Blaauwen, T. (2005). 
Maturation of the Escherichia coli divisome occurs in two steps. Mol. Microbiol. 55, 1631–1645. 

Abdelrahim Zoued, E.D., Yannick R. Brunet, S.S., Badreddine Douzi, M.G., Nicolas Flaugnatti, P.L., Laure Journet, R.F., Tâm 
Mignot, C.C., and Eric Cascales (2016). Priming and polymerization of a bacterial contractile tail structure. Nature. 

Ahlund, M.K., Rydén, P., Sjöstedt, A., and Stöven, S. (2010). Directed screen of Francisella novicida virulence determinants 
using Drosophila melanogaster. Infect. Immun. 78, 3118–3128. 

Alam, A., Golovliov, I., Javed, E., and Sjöstedt, A. (2018). ClpB mutants of Francisella tularensis subspecies holarctica and 
tularensis are defective for type VI secretion and intracellular replication. Sci. Rep. 8, 11324. 

Basler, M., and Mekalanos, J.J. (2012). Type 6 secretion dynamics within and between bacterial cells. Science 337, 815–815. 

Basler, M., Pilhofer, M., Henderson, P., Jensen, J.G., and Mekalanos, J. (2012). Type VI secretion requires a dynamic 
contractile phage tail-like structure. Nature 483, 182–186. 

Basler, M., Ho, B.T., and Mekalanos, J.J. (2013). Tit-for-tat: Type VI secretion system counterattack during bacterial cell-cell 
interactions. Cell 152, 884–894. 

Bingle, L.E., Bailey, C.M., and Pallen, M.J. (2008). Type VI secretion: a beginner’s guide. Curr. Opin. Microbiol. 11, 3–8. 

Böck, D., Medeiros, J.M., Tsao, H.-F., Penz, T., Weiss, G.L., Aistleitner, K., Horn, M., and Pilhofer, M. (2017). In situ 
architecture, function, and evolution of a contractile injection system. Science 357, 713–717. 

Bönemann, G., Pietrosiuk, A., Diemand, A., Zentgraf, H., and Mogk, A. (2009). Remodelling of VipA/VipB tubules by ClpV-
mediated threading is crucial for type VI protein secretion. EMBO J. 28, 315–325. 

Brodmann, M., Dreier, R.F., Broz, P., and Basler, M. (2017). Francisella requires dynamic type VI secretion system and ClpB 
to deliver effectors for phagosomal escape. Nat. Commun. 8, 15853. 

Brodmann, M., Heilig, R., Broz, P., and Basler, M. (2018). Mobilizable Plasmids for Tunable Gene Expression in Francisella 
novicida. Front. Cell. Infect. Microbiol. 8. 

Bröms, J.E., Sjöstedt, A., and Lavander, M. (2010). The Role of the Francisella Tularensis Pathogenicity Island in Type VI 
Secretion, Intracellular Survival, and Modulation of Host Cell Signaling. Front. Microbiol. 1, 136. 

de Bruin, O.M., Duplantis, B.N., Ludu, J.S., Hare, R.F., Nix, E.B., Schmerk, C.L., Robb, C.S., Boraston, A.B., Hueffer, K., 
and Nano, F.E. (2011). The biochemical properties of the Francisella pathogenicity island (FPI)-encoded proteins IglA, IglB, 
IglC, PdpB and DotU suggest roles in type VI secretion. Microbiol. Read. Engl. 157, 3483–3491. 

Brunet, Y.R., Hénin, J., Celia, H., and Cascales, E. (2014). Type VI secretion and bacteriophage tail tubes share a common 
assembly pathway. EMBO Rep. 15, 315–321. 

Brunet, Y.R., Zoued, A., Boyer, F., Douzi, B., and Cascales, E. (2015). The Type VI Secretion TssEFGK-VgrG Phage-Like 
Baseplate Is Recruited to the TssJLM Membrane Complex via Multiple Contacts and Serves As Assembly Platform for Tail 
Tube/Sheath Polymerization. PLoS Genet. 11, e1005545. 

Brunton, J., Steele, S., Miller, C., Lovullo, E., Taft-Benz, S., and Kawula, T. (2015). Identifying Francisella tularensis genes 
required for growth in host cells. Infect. Immun. 83, 3015–3025. 

Carlsson, F., Joshi, S.A., Rangell, L., and Brown, E.J. (2009). Polar localization of virulence-related Esx-1 secretion in 
mycobacteria. PLoS Pathog. 5, e1000285. 

Carter, T., Buensuceso, R.N.C., Tammam, S., Lamers, R.P., Harvey, H., Howell, P.L., and Burrows, L.L. (2017). The Type 
IVa Pilus Machinery Is Recruited to Sites of Future Cell Division. MBio 8. 

Casabona, M.G., Silverman, J.M., Sall, K.M., Boyer, F., Couté, Y., Poirel, J., Grunwald, D., Mougous, J.D., Elsen, S., and 
Attree, I. (2013). An ABC transporter and an outer membrane lipoprotein participate in posttranslational activation of type VI 
secretion in Pseudomonas aeruginosa. Environ. Microbiol. 15, 471–486. 

Chakravortty, D., Rohde, M., Jäger, L., Deiwick, J., and Hensel, M. (2005). Formation of a novel surface structure encoded by 
Salmonella Pathogenicity Island 2. EMBO J. 24, 2043–2052. 

Charles, M., Pérez, M., Kobil, J.H., and Goldberg, M.B. (2001). Polar targeting of Shigella virulence factor IcsA in 
Enterobacteriacae and Vibrio. Proc. Natl. Acad. Sci. U. S. A. 98, 9871–9876. 

Cherrak, Y., Rapisarda, C., Pellarin, R., Bouvier, G., Bardiaux, B., Allain, F., Malosse, C., Rey, M., Chamot-Rooke, J., 
Cascales, E., et al. (2018). Biogenesis and structure of a type VI secretion baseplate. Nat. Microbiol. 

Chong, A., and Celli, J. (2010). The francisella intracellular life cycle: toward molecular mechanisms of intracellular survival 
and proliferation. Front. Microbiol. 1, 138. 



III. RESULTS

166 

Chong, A., Wehrly, T.D., Nair, V., Fischer, E.R., Barker, J.R., Klose, K.E., and Celli, J. (2008). The Early Phagosomal Stage 
of Francisella tularensis Determines Optimal Phagosomal Escape and Francisella Pathogenicity Island Protein Expression. 
Infect. Immun. 76, 5488–5499. 

Clemens, D.L., Ge, P., Lee, B.-Y., Horwitz, M.A., and Zhou, Z.H. (2015). Atomic Structure of T6SS Reveals Interlaced Array 
Essential to Function. Cell 160, 940–951. 

Detweiler, C.S., Monack, D.M., Brodsky, I.E., Mathew, H., and Falkow, S. (2003). virK, somA and rcsC are important for 
systemic Salmonella enterica serovar Typhimurium infection and cationic peptide resistance. Mol. Microbiol. 48, 385–400. 

Dix, S.R., Owen, H.J., Sun, R., Ahmad, A., Shastri, S., Spiewak, H.L., Mosby, D.J., Harris, M.J., Batters, S.L., Brooker, T.A., 
et al. (2018). Structural insights into the function of type VI secretion system TssA subunits. Nat. Commun. 9, 4765. 

Durand, E., Nguyen, V.S., Zoued, A., Logger, L., Péhau-Arnaudet, G., Aschtgen, M.-S., Spinelli, S., Desmyter, A., Bardiaux, 
B., Dujeancourt, A., et al. (2015). Biogenesis and structure of a type VI secretion membrane core complex. Nature 523, 555–
560. 

Eshraghi, A., Kim, J., Walls, A.C., Ledvina, H.E., Miller, C.N., Ramsey, K.M., Whitney, J.C., Radey, M.C., Peterson, S.B., 
Ruhland, B.R., et al. (2016). Secreted Effectors Encoded within and outside of the Francisella Pathogenicity Island Promote 
Intramacrophage Growth. Cell Host Microbe 20, 573–583. 

Fritsch, M.J., Trunk, K., Diniz, J.A., Guo, M., Trost, M., and Coulthurst, S.J. (2013). Proteomic Identification of Novel Secreted 
Antibacterial Toxins of the Serratia marcescens Type VI Secretion System. Mol. Cell. Proteomics MCP 12, 2735–2749. 

Ghosal, D., Jeong, K.C., Chang, Y.-W., Gyore, J., Teng, L., Gardner, A., Vogel, J.P., and Jensen, G.J. (2019). Molecular 
architecture, polar targeting and biogenesis of the Legionella Dot/Icm T4SS. Nat. Microbiol. 

Harms, A., Segers, F.H.I.D., Quebatte, M., Mistl, C., Manfredi, P., Körner, J., Chomel, B.B., Kosoy, M., Maruyama, S., Engel, 
P., et al. (2017). Evolutionary Dynamics of Pathoadaptation Revealed by Three Independent Acquisitions of the VirB/D4 Type 
IV Secretion System in Bartonella. Genome Biol. Evol. 9, 761–776. 

Huitema, E., Pritchard, S., Matteson, D., Radhakrishnan, S.K., and Viollier, P.H. (2006). Bacterial birth scar proteins mark 
future flagellum assembly site. Cell 124, 1025–1037. 

Ikäheimo, I., Syrjälä, H., Karhukorpi, J., Schildt, R., and Koskela, M. (2000). In vitro antibiotic susceptibility of Francisella 
tularensis isolated from humans and animals. J. Antimicrob. Chemother. 46, 287–290. 

Jain, S., van Ulsen, P., Benz, I., Schmidt, M.A., Fernandez, R., Tommassen, J., and Goldberg, M.B. (2006). Polar localization 
of the autotransporter family of large bacterial virulence proteins. J. Bacteriol. 188, 4841–4850. 

Jeong, K.C., Ghosal, D., Chang, Y.-W., Jensen, G.J., and Vogel, J.P. (2017). Polar delivery of Legionella type IV secretion 
system substrates is essential for virulence. Proc. Natl. Acad. Sci. U. S. A. 

Kraemer, P.S., Mitchell, A., Pelletier, M.R., Gallagher, L.A., Wasnick, M., Rohmer, L., Brittnacher, M.J., Manoil, C., Skerett, 
S.J., and Salama, N.R. (2009). Genome-wide screen in Francisella novicida for genes required for pulmonary and systemic
infection in mice. Infect. Immun. 77, 232–244. 

Kudryashev, M., Wang, R.Y.-R., Brackmann, M., Scherer, S., Maier, T., Baker, D., DiMaio, F., Stahlberg, H., Egelman, E.H., 
and Basler, M. (2015). Structure of the type VI secretion system contractile sheath. Cell 160, 952–962. 

Lennings, J., Mayer, C., Makhlouf, M., Brötz-Oesterhelt, H., and Schwarz, S. (2019). Polar localization of the ATPase ClpV-
5 occurs independent of type VI secretion system apparatus proteins in Burkholderia thailandensis. BMC Res. Notes 12, 109. 

Lin, J.-S., Wu, H.-H., Hsu, P.-H., Ma, L.-S., Pang, Y.-Y., Tsai, M.-D., and Lai, E.-M. (2014). Fha Interaction with 
Phosphothreonine of TssL Activates Type VI Secretion in Agrobacterium tumefaciens. PLoS Pathog. 10, e1003991. 

Lin, J.-S., Pissaridou, P., Wu, H.-H., Tsai, M.-D., Filloux, A., and Lai, E.-M. (2018). TagF-mediated repression of bacterial 
type VI secretion systems involves a direct interaction with the cytoplasmic protein Fha. J. Biol. Chem. 

Lin, L., Lezan, E., Schmidt, A., and Basler, M. (2019). Abundance of bacterial Type VI secretion system components measured 
by targeted proteomics. Nat. Commun. 10, 2584. 

Lindgren, H., Shen, H., Zingmark, C., Golovliov, I., Conlan, W., and Sjöstedt, A. (2007). Resistance of Francisella tularensis 
strains against reactive nitrogen and oxygen species with special reference to the role of KatG. Infect. Immun. 75, 1303–1309. 

Lo, K.Y., Visram, S., Vogl, A.W., Shen, C.L.J., and Guttman, J.A. (2016). Morphological analysis of Francisella novicida 
epithelial cell infections in the absence of functional FipA. Cell Tissue Res. 363, 449–459. 

Mac Síomóin, R.A., Nakata, N., Murai, T., Yoshikawa, M., Tsuji, H., and Sasakawa, C. (1996). Identification and 
characterization of ispA, a Shigella flexneri chromosomal gene essential for normal in vivo cell division and intracellular 
spreading. Mol. Microbiol. 19, 599–609. 

Meibom, K.L., Forslund, A.-L., Kuoppa, K., Alkhuder, K., Dubail, I., Dupuis, M., Forsberg, A., and Charbit, A. (2009). Hfq, 
a novel pleiotropic regulator of virulence-associated genes in Francisella tularensis. Infect. Immun. 77, 1866–1880. 

Morgan, J.K., Luedtke, B.E., and Shaw, E.I. (2010). Polar localization of the Coxiella burnetii type IVB secretion system. 
FEMS Microbiol. Lett. 305, 177–183. 



III. RESULTS

167 

Mougous, J.D., Gifford, C.A., Ramsdell, T.L., and Mekalanos, J.J. (2007). Threonine phosphorylation post-translationally 
regulates protein secretion in Pseudomonas aeruginosa. Nat Cell Biol 9, 797–803. 

Nakata, N., Sasakawa, C., Okada, N., Tobe, T., Fukuda, I., Suzuki, T., Komatsu, K., and Yoshikawa, M. (1992). Identification 
and characterization of virK, a virulence-associated large plasmid gene essential for intercellular spreading of Shigella flexneri. 
Mol. Microbiol. 6, 2387–2395. 

Nguyen, J.Q., Gilley, R.P., Zogaj, X., Rodriguez, S.A., and Klose, K.E. (2014). Lipidation of the FPI protein IglE contributes 
to Francisella tularensis ssp. novicida intramacrophage replication and virulence. Pathog. Dis. 72, 10–18. 

Ostrowski, A., Cianfanelli, F.R., Porter, M., Mariano, G., Peltier, J., Wong, J.J., Swedlow, J.R., Trost, M., and Coulthurst, S.J. 
(2018). Killing with proficiency: Integrated post-translational regulation of an offensive Type VI secretion system. PLoS 
Pathog. 14, e1007230. 

Oyston, P.C.F., Sjostedt, A., and Titball, R.W. (2004). Tularaemia: bioterrorism defence renews interest in Francisella 
tularensis. Nat. Rev. Microbiol. 2, 967–978. 

de Pedro, M.A., Grünfelder, C.G., and Schwarz, H. (2004). Restricted Mobility of Cell Surface Proteins in the Polar Regions 
of Escherichia coli. J. Bacteriol. 186, 2594–2602. 

Pietrosiuk, A., Lenherr, E.D., Falk, S., Bönemann, G., Kopp, J., Zentgraf, H., Sinning, I., and Mogk, A. (2011). Molecular basis 
for the unique role of the AAA+ chaperone ClpV in type VI protein secretion. J. Biol. Chem. 286, 30010–30021. 

Planamente, S., Salih, O., Manoli, E., Albesa-Jové, D., Freemont, P.S., and Filloux, A. (2016). TssA forms a gp6-like ring 
attached to the type VI secretion sheath. EMBO J. 35, 1613–1627. 

Qin, A., Zhang, Y., Clark, M.E., Moore, E.A., Rabideau, M.M., Moreau, G.B., and Mann, B.J. (2016). Components of the type 
six secretion system are substrates of Francisella tularensis Schu S4 DsbA-like FipB protein. Virulence 7, 882–894. 

Qiu, J., and Luo, Z.-Q. (2017). Legionella and Coxiella effectors: strength in diversity and activity. Nat. Rev. Microbiol. 15, 
591–605. 

Rapisarda, C., Cherrak, Y., Kooger, R., Schmidt, V., Pellarin, R., Logger, L., Cascales, E., Pilhofer, M., Durand, E., and 
Fronzes, R. (2019). In situ and high-resolution cryo-EM structure of a bacterial type VI secretion system membrane complex. 
EMBO J. 

Rigard, M., Bröms, J.E., Mosnier, A., Hologne, M., Martin, A., Lindgren, L., Punginelli, C., Lays, C., Walker, O., Charbit, A., 
et al. (2016). Francisella tularensis IglG Belongs to a Novel Family of PAAR-Like T6SS Proteins and Harbors a Unique N-
terminal Extension Required for Virulence. PLoS Pathog. 12, e1005821. 

Ringel, P.D., Hu, D., and Basler, M. (2017). The Role of Type VI Secretion System Effectors in Target Cell Lysis and 
Subsequent Horizontal Gene Transfer. Cell Rep. 21, 3927–3940. 

Rosch, J., and Caparon, M. (2004). A microdomain for protein secretion in Gram-positive bacteria. Science 304, 1513–1515. 

Santin, Y.G., and Cascales, E. (2017). Domestication of a housekeeping transglycosylase for assembly of a Type VI secretion 
system. EMBO Rep. 18, 138–149. 

Santin, Y.G., Doan, T., Lebrun, R., Espinosa, L., Journet, L., and Cascales, E. (2018). In vivo TssA proximity labelling during 
type VI secretion biogenesis reveals TagA as a protein that stops and holds the sheath. Nat. Microbiol. 3, 1304–1313. 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., 
Schmid, B., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. 

Schneider, J.P., Nazarov, S., Adaixo, R., Liuzzo, M., Ringel, P.D., Stahlberg, H., and Basler, M. (2019). Diverse roles of TssA-
like proteins in the assembly of bacterial type VI secretion systems. EMBO J. 0, e100825. 

Schwarz, S., Singh, P., Robertson, J.D., LeRoux, M., Skerrett, S.J., Goodlett, D.R., West, T.E., and Mougous, J.D. (2014). 
VgrG-5 is a Burkholderia type VI secretion system-exported protein required for multinucleated giant cell formation and 
virulence. Infect. Immun. 82, 1445–1452. 

Scott, M.E., Dossani, Z.Y., and Sandkvist, M. (2001). Directed polar secretion of protease from single cells of Vibrio cholerae 
via the type II secretion pathway. Proc. Natl. Acad. Sci. U. S. A. 98, 13978–13983. 

Shneider, M.M., Buth, S.A., Ho, B.T., Basler, M., Mekalanos, J.J., and Leiman, P.G. (2013). PAAR-repeat proteins sharpen 
and diversify the type VI secretion system spike. Nature 500, 350–353. 

Silverman, J.M., Austin, L.S., Hsu, F., Hicks, K.G., Hood, R.D., and Mougous, J.D. (2011). Separate inputs modulate 
phosphorylation-dependent and -independent type VI secretion activation. Mol. Microbiol. 82, 1277–1290. 

Stewart, E.J., Madden, R., Paul, G., and Taddei, F. (2005). Aging and death in an organism that reproduces by morphologically 
symmetric division. PLoS Biol. 3, e45. 

Su, J., Yang, J., Zhao, D., Kawula, T.H., Banas, J.A., and Zhang, J.-R. (2007). Genome-wide identification of Francisella 
tularensis virulence determinants. Infect. Immun. 75, 3089–3101. 

Sun, P., Austin, B.P., Schubot, F.D., and Waugh, D.S. (2007). New protein fold revealed by a 1.65 Å resolution crystal structure 
of Francisella tularensis pathogenicity island protein IglC. Protein Sci. 16, 2560–2563. 



III. RESULTS

168 

Surovtsev, I.V., and Jacobs-Wagner, C. (2018). Subcellular Organization: A Critical Feature of Bacterial Cell Replication. Cell 
172, 1271–1293. 

Szwedziak, P., and Pilhofer, M. (2019). Bidirectional contraction of a type six secretion system. Nat. Commun. 10, 1565. 

Thiem, S., and Sourjik, V. (2008). Stochastic assembly of chemoreceptor clusters in Escherichia coli. Mol. Microbiol. 68, 
1228–1236. 

Typas, A., Banzhaf, M., Gross, C.A., and Vollmer, W. (2011). From the regulation of peptidoglycan synthesis to bacterial 
growth and morphology. Nat. Rev. Microbiol. 10, 123–136. 

Vettiger, A., and Basler, M. (2016). Type VI Secretion System Substrates Are Transferred and Reused among Sister Cells. Cell 
167, 99-110.e12. 

Wang, J., Brackmann, M., Castaño-Díez, D., Kudryashev, M., Goldie, K.N., Maier, T., Stahlberg, H., and Basler, M. (2017). 
Cryo-EM structure of the extended type VI secretion system sheath-tube complex. Nat. Microbiol. 2, 1507–1512. 

Wang, J., Brodmann, M., and Basler, M. (2019). Assembly and Subcellular Localization of Bacterial Type VI Secretion 
Systems. Annu. Rev. Microbiol. 

Weber, B.S., Hennon, S.W., Wright, M.S., Scott, N.E., de Berardinis, V., Foster, L.J., Ayala, J.A., Adams, M.D., and Feldman, 
M.F. (2016). Genetic Dissection of the Type VI Secretion System in Acinetobacter and Identification of a Novel Peptidoglycan 
Hydrolase, TagX, Required for Its Biogenesis. MBio 7. 

Yamaichi, Y., Bruckner, R., Ringgaard, S., Möll, A., Cameron, D.E., Briegel, A., Jensen, G.J., Davis, B.M., and Waldor, M.K. 
(2012). A multidomain hub anchors the chromosome segregation and chemotactic machinery to the bacterial pole. Genes Dev. 
26, 2348–2360. 

Young, K.D. (2006). The selective value of bacterial shape. Microbiol. Mol. Biol. Rev. MMBR 70, 660–703. 

Zimmermann, L., Stephens, A., Nam, S.-Z., Rau, D., Kübler, J., Lozajic, M., Gabler, F., Söding, J., Lupas, A.N., and Alva, V. 
(2018). A Completely Reimplemented MPI Bioinformatics Toolkit with a New HHpred Server at its Core. J. Mol. Biol. 430, 
2237–2243. 

Zoued, A., Durand, E., Brunet, Y.R., Spinelli, S., Douzi, B., Guzzo, M., Flaugnatti, N., Legrand, P., Journet, L., Fronzes, R., et 
al. (2016). Priming and polymerization of a bacterial contractile tail structure. Nature 531, 59–63. 



III. RESULTS
 

 
 

169 

Figures 

 
Figure 1: Francisella T6SS membrane complex is localized at poles. A) General T6SS biogenesis with Francisella T6SS 
components based on this study and cited articles in the main text. Membrane complex (IglE, PdpB and DotU) is assembled 
and serves as scaffold for baseplate (IglD and IglH) and spike complex (VgrG and IglG). PdpA and IglF were shown to be 
associated with VgrG and IglG, respectively. However, their exact functions are not known. IglI likely initiates and coordinates 
sheath (IglA and IglB) and inner tube (IglC) polymerization at the distal end of the baseplate. Contraction of T6SS sheath 
propels the inner tube together with the spike complex and associated effectors (PdpC, PdpD, OpiA and OpiB) into the 
extracellular space, whether this is the phagosomal cytosol or across the phagosomal membranes remains to be elucidated. The 
contracted sheath is recycled by ClpB. Whether the membrane and baseplate complex is disassembled or reused for another 
round of firing is not known. IglJ is a FPI component with unknown function but is essential for T6SS assembly. PdpE and 
AnmK are FPI components with unknown functions but dispensable for T6SS function. Figure adapted from Schneider et al., 
2019. B-E) Subcellular localizations of membrane complex and sheath before, during and after T6SS assembly and contraction. 
Upper panels are merge of phase contrast, RFP channel and GFP channels. Middle and lower panels show GFP channel and 
RFP channel, respectively. Arrows highlight T6SS assemblies. 3.3 x 3.3. µm fields of view are shown. Scale bars represent 1 
µm. B) Polar localization of membrane complex (PdpB-msfGFP) and extended sheath (IglA-mCherry2) in F. novicida U112 
iglA-mCherry2 pdpB-msfgfp. C) Polar localization of membrane complex (PdpB-mScarlet-I) and extended sheath (IglA-sfGFP) 
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in F. novicida U112 iglA-sfgfp pdpB-mScarlet-I. D) Polar localization of membrane complex (DotU-msfGFP) and extended 
sheath (IglA-mCherry2) in F. novicida U112 iglA-mCherry2 dotU-mScarlet-I. E) Polar localization of membrane complex 
(DotU-mScarlet-I) and extended sheath (IglA-sfGFP) in F. novicida U112 iglA-sfgfp dotU-mScarlet-I. F) Polar membrane 
complex (DotU) and extended sheath in F. novicida U112 iglA-sfgfp dotU-mScarlet-I. Images acquired with SIM. First image 
is a merge of RFP and GFP channel, middle image shows RFP channel and last image shows GFP channel. 3.3 x 3.3. µm fields 
of view are shown. Arrows highlight T6SS assembly. White line outlines the shape of the bacterial cell. Scale bar represents 1 
µm. G) Quantification of assembly speed and sheath length of T6SS sheaths tagged with sfGFP and mCherry2, respectively. 
Three biological replicates with at least 67 events in total were analyzed. Black bar represents median. ****p<0.0001, *** p<0.001. 
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Figure 2: Dynamics of membrane complex formation. A-B) Images consist of merge of phase contrast and RFP channel is 

shown. 3.3 x 3.3 µm fields of view are shown. Scale bars represent 1 µm. A) Formation of polar PdpB-mScarlet-I subcomplex 

depends on DotU in F. novicida U112 iglA-sfgfp pdpB-mScarlet-I ΔdotU. B) Polar localization of DotU-mScarlet-I depends on 

PdpB or IglE in F. novicida U112 iglA-sfgfp dotU-mScarlet-I ΔpdpB or ΔiglE but not on other structural T6SS components in 

F. novicida U112 iglA-sfgfp dotU-mScarlet-I ΔiglF, ΔiglI or ΔiglI. C-F) Upper panels are merge of phase contrast, RFP channel 

and GFP channels. Middle and lower panels show RFP channel and GFP channel, respectively. Arrows highlight T6SS

assemblies or formation of membrane complexes. 3.3 x 3.3. µm fields of view are shown. Scale bars represent 1 µm. C-D) 

Time-lapse images of F. novicida U112 iglA-sfgfp pdpB-mScarlet-I on agarose pads supplemented with C) 0 or D) 1000 µg/ml 

chloramphenicol. E-F) Time-lapse images of F. novicida U112 iglA-sfgfp dotU-mScarlet-I on agarose pads supplemented with 

E) 0 or F) 1000 µg/ml chloramphenicol. C, E) Assembly of polar membrane complex starts after 20 min and sheath assembly 

after 1h incubation on an agarose pad. D, F) Polar assembly of membrane complex is not dependent on protein synthesis in

contrast to sheath assembly.
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Figure 3: Polar localization of Francisella T6SS membrane complex is independent from several cellular components 

involved in subcellular organization. A-B, D) Images consist of merge of phase contrast and RFP channel is shown. Arrows 

highlight T6SS assemblies. 3.3 x 3.3 µm fields of view are shown. Scale bars represent 1 µm. A) Normal T6SS activity in F. 

novicida U112 iglA-mCherry2 iglAFNI-sfGFP ΔminD, ΔparB, ΔFTN_0340, ΔFTN_0938 or ΔFTN_1507. B) Decreased T6SS 

activity in F. novicida U112 iglA-mCherry2 iglAFNI-sfGFP ΔftsA, ΔfipA, ΔvirK or ΔdsbB. C) Quantification of T6SS activity 

of mutants in B) compared to parental strain F. novicida U112 iglA-mCherry2 iglAFNI-sfGFP. Black line represents mean. Error 

bars represent standard deviation. Three biological replicates with at least 1000 bacterial cells per field of view were analyzed 

for each mutant and parental strain. D) Aberrant cell shapes in F. novicida U112 iglA-mCherry2 iglAFNI-sfGFP ΔminC, ΔispZ 

or Δslt lead to abolished T6SS activity.  
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Figure 4: IglI colocalizes with poles and growing T6SS sheath. A) SIM images of F. novicida U112 iglA-sfgfp iglI-mScarlet-

I. Example 1) shows IglI-mScarlet-I colocalizing with growing sheath (IglA-sfGFP) at distal end. Example 2) shows

colocalization of IglI-mScarlet-I with cell pole during T6SS assembly (IglA-sfGFP). First images is a merge of RFP and GFP

channel, middle images show RFP channel and lower images show GFP channel. Arrows highlight T6SS assembly. White line 

outlines the shape of the bacterial cell.  3.3 x 3.3 µm fields of view are shown. Scale bars represents 1 µm. B) Time-lapse 

images of before, during and after T6SS assembly and contraction in F. novicida U112 iglA-sfgfp iglI-mScarlet-I. Example 1)

shows T6SS assembly with IglI-mScarlet-I colocalization with distal end of growing T6SS sheath (IglA-sfGFP). Example 2)

shows IglI-mScarlet-I at the cell pole during T6SS assembly (IglA-sfGFP). Upper panels are merge of phase contrast, RFP

channel and GFP channels. Middle and lower panels show RFP channel and GFP channel, respectively. RFP and GFP channels 

are deconvolved. Kymograms show IglI-mScarlet-I and IglA-sfGFP over 3 min (5s per pixel). Arrows highlight T6SS

assemblies. 3.3 x 3.3. µm fields of view are shown. Scale bars represent 1 µm. C) Localization of IglI-mScarlet-I at the cell

pole does not depend on structural T6SS components in F. novicida U112 iglA-sfgfp iglI-mScarlet-I ΔpdpB, ΔdotU, ΔiglE, 

ΔiglF or ΔiglI. Images consist of merge of phase contrast and RFP channel is shown. 3.3 x 3.3 µm fields of view are shown.

Scale bars represent 1 µm. 
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Figure 5: Characterization of putative T6SS encoded on the FNI. A) Schematic overview of FNI genes based on homology 

predictions (HHpred). Colors refer to overview figure in figure 1A). Genes are drawn in scale. B-D) Arrows highlight T6SS 

assemblies. 3.3 x 3.3 µm fields of view are shown. Scale bars represent 1 µm. B) Time-lapse images of before, during and after 

T6SS assembly and contraction in F. novicida U112 iglA-mCherry2 iglAFNI-sfGFP. No T6SSFNI assemblies. Upper panels are 

merge of phase contrast, RFP channel and GFP channels. Middle and lower panels show RFP channel and GFP channel, 

respectively. C) No subcellular localization of DotUFNI-mScarlet-I in F. novicida U112 iglA-sfgfp dotUFNI-mScarlet-I. A merge 

of phase contrast and RFP channel (left image) and RFP channel (right image) is shown. C) Putative T6SSFNI assembly does 

not depend on FNI components with unknown function in F. novicida U112 iglA-mCherry2 iglAFNI-sfGFP ΔFTN_0045, 

ΔFTN_0046, ΔFTN_0047, ΔFTN_0052 or ΔFTN_0053. Images consist of a merge of phase contrast and GFP channel. 
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Figure 6: FTN_0045 forms distinct foci and influences T6SS sheath dynamics. Arrows highlight T6SS assemblies. 3.3 x 

3.3 µm fields of view are shown. Scale bars represent 1 µm. A) FTN_0045-mScarlet-I forms distinct spots in F. novicida U112 

iglA-sfgfp FTN_0045-mScarlet-I. A merge of phase contrast and RFP channel (left image) and RFP channel (right image) is 

shown. B) SIM images with two examples of F. novicida U112 iglA-sfgfp FTN_0045-mScarlet-I. Both examples show a merge 

of GFP and RFP channel. C) Foci formation of FTN_0045-mScarlet-I is independent from components important for T6SS 

function in F. novicida U112 iglA-sfgfp FTN_0045-mScarlet-I ΔpdpBFNI, ΔpdpB, ΔdotU, ΔiglI, ΔiglB, ΔclpB or ΔftsA. D) 

Deletion of FTN_0045 in F. novicida U112 iglA-sfgfp ΔFTN_0045 results in retardation of contraction compared to parental 

strain F. novicida U112 iglA-sfgfp. Images consist of merge of phase contrast with GFP channel. Kymograms show T6SS 

assemlies over 5 min (3 s per pixel) in GFP channel. Quantification of retardation time before contraction for F. novicida U112 

iglA-sfgfp, ΔFTN_0045, ΔFTN_0045 pFNMB2 FTN_0045 and FTN_0045-mScarlet-I. Expression of FTN_0045 from plasmid 

was induced with 100 ng/ml ATc. Three biological replicates were analyzed with at least 105 events in total. **** q>0.0001. 
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Introduction 

Francisella tularensis is the causative agent of the deadly zoonotic disease called 

tularemia (Oyston et al., 2004). Tularemia is transmitted by arthropod vectors, 

infected animals or aerosols but Francisella is also found in aquatic and terrestrial 

environments (Hennebique et al., 2019; Ozanic et al., 2015). Thus, diverse infection 

routes are reported such as oral, subcutaneous or pneumonic transmission (Keim et 

al., 2007). The most virulence subspecies Francisella tularensis subspecies 

tularensis and subspecies holarctica are considered as Tier 1 select agents as they 

are highly infectious in humans (lethal dose50 < 10 colony forming units (CFU)) and 

cause a high mortality rate if left untreated (up to 60 %) (Kingry and Petersen, 2014; 

Oyston et al., 2004). In contrast, Francisella tularensis subspecies novicida (F. 

novicida) has a high infectivity in mice but not in humans (Kingry and Petersen, 

2014). While the primary niche of Francisella are phagocytes such as macrophages, 

Francisella can infect a broad range of cells including non-phagocytic cells such as 

HeLa cells and erythrocytes (Chong and Celli, 2010; Jones et al., 2014; Schmitt et 

al., 2017). Interestingly, Francisella cannot trigger its own uptake but needs to be 

internalized with the help of various host-receptors.(Jones et al., 2014). Crucial for 

Francisella virulence is the Francisella pathogenicity island (FPI) which encodes a 

non-canonical Type VI secretion system (T6SS) and is required for phagosomal 

escape and intracellular survival (Brodmann et al., 2017; Bröms et al., 2010; Chong 

and Celli, 2010). Cytosolic replication allows the host cell to mount antimicrobial 

immune responses such as production of type 1 interferons, guanylate-binding 

proteins and the activation of the absent in melanoma 2 (AIM2) inflammasome 

resulting in pyroptotic cell death and pro-inflammatory cytokines (Henry et al., 2007; 

Jones et al., 2010; Meunier et al., 2015).  

F. novicida is often used as model organism to study Francisella pathogenicity as it

is closely related to the more virulent subspecies and encodes only one FPI instead

of two (Kingry and Petersen, 2014). On the host side, Francisella pathogenicity is

mainly studied in primary or immortalized macrophages derived from mice or

humans (Elkins et al., 2007). In addition, also various amoebae and Drosophila

melanogaster cells have been used to identify Francisella virulence factors (Abd et

al., 2003; Ahlund et al., 2010; Lampe et al., 2015; Santic et al., 2011). In vivo models

often include mice, Fischer rats or even macaques (Guina et al., 2018; Ray et al.,
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2010; Rick Lyons and Wu, 2007). Interestingly, immune responses may differ 

between the subspecies and between different infection models (Elkins et al., 2007; 

Jones et al., 2014; Kingry and Petersen, 2014; Lagrange et al., 2018). 

Most studies focus on aspects of Francisella pathogenicity important for humans or 

mammals, however Francisella often resides in the environment encountering 

various potential reservoir hosts such as arthropods (Keim et al., 2007). In addition, 

the usage of mammals as in vivo models for studying Francisella pathogenicity is 

ethnically difficult, space and time consuming and expensive. Conversely, Galleria 

mellonella (G. mellonella) larvae are increasingly used for studying host-pathogen 

interactions as well as for antimicrobial drug testing (Tsai et al., 2016). The 

advantage of G. mellonella is that the larvae require limited space and are cheap in 

maintenance compared to mammals, as they do not require any specific lab 

equipment (Ramarao et al., 2012). In addition, handling is easy and does not require 

specific training. Furthermore, G. mellonella is insensitive to incubation at 37 °C and 

thus can be used to study human pathogens (Tsai et al., 2016). Importantly, G. 

mellonella contains a complex innate immune system including phagocytic cells 

called hemocytes and a humoral response (Tsai et al., 2016). The humoral response 

consists of plasma proteins called opsonins, which recognize pathogen associated 

molecular patterns similar to pattern recognition receptors in mammals, and stimulate 

hemocyte activity or enhance antimicrobial properties of antimicrobial peptides (Tsai 

et al., 2016; Vogel et al., 2011). A part of the humoral response, which can be visually 

observed, is a melanization process required for encapsulation of pathogens (Tang, 

2009). Thereby, the phenoloxidase pathway is activated by pattern recognition 

receptors resulting in melanin production. Melanization results in a color change of 

the larvae from a healthy yellow into different shades of brown and black depending 

on the strength of the immune response (Cerenius and Söderhäll, 2004). 

While Francisella triggers an innate immune response including melanization in G. 

mellonella larvae, which subsequently leads to death of G. mellonella (Aperis et al., 

2007; Thelaus et al., 2018), it is not clear whether Francisella virulence depends on 

the FPI and thus on the T6SS. In addition, Francisella was shown to be associated 

with hemocytes during infection (Aperis et al., 2007), but it is not known in which 

subcellular compartment Francisella resides. 
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Here we show that virulence of F. novicida in G. mellonella larvae depends on a 

functional T6SS. However, T6SS dynamics is less important than reported 

previously in mice and bone-marrow derived macrophages. In addition, known 

effectors were dispensable for killing the larvae. Only combined deletion of pdpC, 

pdpD, anmK and opiA, an effector encoded outside of the FPI, led to increased larvae 

survival. 

Results 

In order to determine if killing of G. mellonella larvae by F. novicida is T6SS 

dependent, I used 3 different concentrations (108 CFU/ml, 106 CFU/ml and 104 

CFU/ml or 106, 104 and 102 bacteria per infection dose) for infection with the parental 

strain (iglA-sfgfp) and a ΔpdpB mutant, which does not have a functional T6SS. My 

results suggest that killing of G. mellonella larvae is concentration and T6SS 

dependent (figure 1A). Larvae infected with a high and middle dose were all dead 

after 2 days, while larvae infected with the low infection dose survived 3 days. In 

addition, larvae infected with the parental strain turned completely black due to 

melanization (figure 1B). On the other hand, almost all larvae infected with the T6SS-

negative mutant were still alive after 5 days, although the larvae infected with the 

highest infection dose eventually started dying. In summary, I could reproduce 

concentration dependent survival dynamics similar to a previous report (Thelaus et 

al., 2018). I decided to use 104 bacteria per infection dose for all following infection 

experiments as a clear difference in larvae survival between the parental strain and 

the T6SS-negative mutant was observed.  

Since T6SS dynamics are essential for Francisella virulence in bone-marrow derived 

macrophages (BMDMs) and in mice (Brodmann et al., 2017), I wanted to test if this 

is the case as well in G. mellonella. Therefore, I infected larvae with a ΔclpB mutant, 

which still had a functional T6SS but could not recycle contracted T6SS sheaths. 

Surprisingly, a ΔclpB mutant killed larvae as efficiently as the parental strain (figure 

2A), suggesting that either less effector translocation events are required for 

intracellular survival or that G. mellonella is sensitive to a few surviving bacteria. 

Next, I tested if the effector PdpC, which is secreted in a T6SS dependent manner 

and has a major role in phagosomal escape in BMDMs and mice, is important for 
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killing of G. mellonella larvae. Again, a ΔpdpC mutant killed as efficiently as the 

parental strain (figure 2A). Thus, I tested if the triple pdpC pdpD-anmK deletion 

mutant, which is completely avirulent in BMDMs and mice (Brodmann et al., 2017) 

is able to kill the G. mellonella larvae. Strikingly, even this mutant was as efficient 

in killing as the parental strain (figure 2B). In addition, single deletion of opiA, an 

effector encoded outside of the FPI involved in delaying phagosome maturation 

(Eshraghi et al., 2016; Ledvina et al., 2018), also did not decrease Francisella 

virulence (figure 2B). Then, I combined deletion of all four genes in a ΔpdpC ΔpdpD-

anmK ΔopiA mutant. Interestingly, this mutant is avirulent in G. mellonella larvae 

(figure 3A). Thus, all four genes in combination are important for Francisella 

virulence in G. mellonella infections. In summary, my results suggest that T6SS is 

critical for virulence in G. mellonella and the model is sensitive to several T6SS 

effectors delivered in small amounts. 

Outlook 

Although all data are preliminary, my results suggest that Francisella virulence in G. 

mellonella also depends on a functional T6SS similar to reports in other model 

organisms (Brodmann et al., 2017; Bröms et al., 2010; Rick Lyons and Wu, 2007). 

Nevertheless, there are striking differences compared to the already established 

infection models. First, T6SS sheath recycling plays no role in G. mellonella despite 

of being crucial for intracellular survival in mice and BMDMs (Brodmann et al., 

2017) (figure 1). Interestingly, a ΔclpB mutant was also attenuated in D. 

melanogaster (Ahlund et al., 2010). However, differences in infection dose or 

incubation temperature may account for these different disease outcomes. Thus, 

lowering the infection dose might result in attenuation of a ΔclpB mutant in G. 

mellonella. 

More surprising was that the contributions of single or both effectors PdpC and PpdD 

were not detectable in G. mellonella (figure 2), while they clearly play an important 

role in all other in vitro and in vivo infection systems (Brodmann et al., 2017; Bröms 

et al., 2010; Lindgren et al., 2013; Long et al., 2013; Ludu et al., 2008; Ozanic et al., 

2016; Uda et al., 2014). Only combined deletion of pdpC pdpD-anmK opiA resulted 

in decreased virulence (figure 3). These results suggest that Francisella might 
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manipulate different host-cell components in insects compared to mammal model 

systems. In accordance, single interruptions of pdpC and pdpD by transposons had 

no effect in D. melanogaster nor in a cell line derived from Anopheles gambiae 

(Ahlund et al., 2010; Read et al., 2008). Nevertheless, my results suggest that at least 

partially, PdpC, PdpD, AnmK and OpiA do contribute to Francisella virulence in 

insects. However, they may have redundant functions as suggested for PdpC and 

OpiA in macrophages (Ledvina et al., 2018).  

In order to elucidate if all above-mentioned genes are equally important or have 

redundant activity, I plan to make different combinations of gene deletions. In 

addition, analysis of the localization of these different deletion mutants inside G. 

mellonella may give hints towards the function of the deleted genes. 

In summary, G. mellonella is an easy to handle and cheap infection model suitable 

for studying Francisella virulence and its non-canonical T6SS. By investigating why 

some genes have differential importance in G. mellonella compared to BMDMs and 

mice, Francisella pathogenicity will be understood in more detail. In addition, 

tularemia transmission by arthropod vectors is the major infection route in 

Switzerland and Europe (Wittwer et al., 2018), thus it is important to understand 

Francisella pathogenicity in infection models, which resemble physiological 

reservoir hosts.  
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Material and Methods 

Bacterial strains 

Francisella novicida U112 (F. novicida) and derivative strains were in brain heart 

infusion (BHI) broth with aeration or on BHI agar plates at 37 °C. The medium was 

supplemented with 0.1 % L-cysteine (Acros Organics) and 100 µg/ml ampicillin 

(AppliChem). Escherichia coli DH5α λpir (E. coli) and derivative strains were 

aerobically grown in Luria broth (LB) or on agar plates supplemented with 50 µg/ml 

kanamycin at 37 °C. All strains are listed in table 1. 

Bacterial mutagenesis 

To introduce in-frame deletions on the chromosome of F. novicida, suicide vector 

pDMK3 was used (Lindgren et al., 2007). For conjugation, a donor E. coli strain from 

A. Harms and C- Dehio (Harms et al., 2017) was used. In short, liquid cultures of

recipient F. novicida and donor E. coli strains were grown until OD600 of 1 was

reached. Day cultures were washed once in LB and 1ml of both donor and recipient

strain culture was concentrated and mixed together. Conjugation took place on a LB

agar plate supplemented with 300 µM 2,6-Diaminopimelic acid at 25 °C over night.

Then the mixture was transferred on Muller Hinton agar plates supplemented with

0.1 % L-cysteine, 0.1 % D-glucose (Millipore), 0.1 % fetal calf serum (BioConcept),

100 µg/ml ampicillin and 15 µg/ml kanamycin to select for recipients containing the

suicide vector. Colonies regrew after 2 days of incubation at 37 °C and were

restreaked on BHI agar plates supplemented with 0.1 % L-cysteine, 100 µg/ml

ampicillin and 15 µg/ml kanamycin. Negative selection was carried out on LB agar

plates supplemented with 0.1 % L-cysteine, 10 % sucrose and 100 µg/ml ampicillin,

which were at room temperature for a couple of days. All plasmids and remaining

peptides of in-frame deletions are listed in table 2. All cloning products were

sequenced and sites of homologous recombination were verified by PCR.
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Galleria mellonella infections 

Weight and aged defined Galleria mellonella (G. mellonella) larvae from TruLarv 

(BioSystems Technology) were used for infection experiments. For each condition, 

10 randomly chosen larvae were infected. Day cultures of different F. novicida 

strains were inoculated at OD600 of 0.02 and grown as described above for 3 h. Then, 

cultures were washed once with Dulbecco’s phosphate saline buffer without CaCl2 

and MgCl2 (DPBS, Sigma) and OD600 was adjusted to 1 in DPBS. 10-fold dilutions 

in DPBS were carried out until a concentration of 106 CFU/ml was reached. 10 µl of 

this concentration (roughly 10 000 CFUs) was used for injection into second left pro-

leg with a Hamilton syringe (10 µl volume, 26s ga bevel tip, needle length 51 mm; 

Sigma-Aldrich). Infected larvae were incubated in one petri dish per condition at 37 

°C for five days. Survival was scored every 24 h. Death was defined as no movement 

of legs, head or body. Pupated larvae were considered alive as long as they exhibited 

any movement. As control for proper handling, each experiment included larvae 

injected with DPBS. 

Statistical analysis 

Survival plots and median survival was calculated with Prism8 (GraphPad Software). 

Each infection experiment was only performed once so far. 
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Figures 

Figure 1: Francisella virulence in G. mellonella larvae depends on a functional T6SS. A) Survival of G. mellonella larvae 

infected with DPBS as control and different concentrations of F. novicida U112 iglA-sfgp (parental strain) and ΔpdpB (T6SS-

negative). Olive line for ΔpdpB [104 CFU/ml] is underneath the black line for DPBS. 10 larvae per condition were infected. 

Experiment was performed once. B) Images of larvae infected with DPBS, parental strain and ΔpdpB at a concentration of 106 

CFU/ml at day 5. 
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Figure 2: Francisella virulence in G. mellonella larvae is independent of T6SS dynamics and effectors important in other 

model systems. A-B) 10 larvae per condition were infected with bacteria at concentration of 106 CFU/ml. Experiments were 

performed once. A) Survival of G. mellonella larvae infected with DPBS as control and F. novicida U112 iglA-sfgp (parental 

strain), ΔpdpB (T6SS-negative), ΔclpB and ΔpdpC. B) Survival of G. mellonella larvae infected with DPBS as control and F. 

novicida U112 iglA-sfgp (parental strain), ΔpdpB (T6SS-negative), ΔpdpC ΔpdpD-anmK and ΔopiA. 
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Figure 3: Combined deletion of pdpC, pdpD-anmK and opiA results in decreased Francisella virulence in G. mellonella 

larvae. A) Survival of G. mellonella larvae infected with DPBS as control and F. novicida U112 iglA-sfgp (parental strain), 

ΔpdpB (T6SS-negative), ΔpdpC ΔpdpD-anmK ΔopiA. 10 larvae per condition were infected with bacteria at concentration of 

106 CFU/ml. Experiment was performed once. 
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Francisella tularensis is the causative agent of the life-threatening disease tularemia.

However, the molecular tools to study Francisella are limited. Especially, expression

plasmids are sparse and difficult to use, as they are unstable and prone to spontaneous

loss. Most Francisella expression plasmids lack inducible promoters making it difficult

to control gene expression levels. In addition, available expression plasmids are mainly

designed for F. tularensis, however, genetic differences including restriction-modification

systems impede the use of these plasmids in F. novicida, which is often used as

a model organism to study Francisella pathogenesis. Here we report construction

and characterization of two mobilizable plasmids (pFNMB1 and pFNMB2) designed

for regulated gene expression in F. novicida. pFNMB plasmids contain a tetracycline

inducible promoter to control gene expression levels and oriT for RP4 mediated

mobilization. We show that both plasmids are stably maintained in bacteria for more

than 40 generations over 4 days of culturing in the absence of selection against

plasmid loss. Expression levels are dependent on anhydrotetracycline concentration

and homogeneous in a bacterial population. pFNMB1 and pFNMB2 plasmids differ

in the sequence between promoter and translation start site and thus allow to reach

different maximum levels of protein expression. We used pFNMB1 and pFNMB2 for

complementation of Francisella Pathogenicity Island mutants �iglF, �iglI, and �iglC

in-vitro and pFNMB1 to complement �iglImutant in bone marrow derived macrophages.

Keywords: Francisella novicida, expression plasmid, conjugation, ATc inducible, complementation, type VI

secretion system, bacterial mutagenesis, tularemia

INTRODUCTION

Francisella tularensis is the causative agent of tularemia and can cause life-threatening disease
in animals and humans. Essential for Francisella virulence is the Francisella pathogenicity island
(FPI), which encodes a dynamic type VI secretion system (T6SS) (Bröms et al., 2010; Chong and
Celli, 2010; Clemens et al., 2015; Brodmann et al., 2017). The most virulent subspecies F. tularensis
subspecies tularensis, classified as a Tier 1 agent (Oyston et al., 2004), and subspecies holarctica
(hereafter F. tularensis) contain two FPIs. The related subspecies F. tularensis subspecies novicida
(hereafter F. novicida) possesses only one FPI and is highly virulent in mice but rarely infects
humans. These features make F. novicida an ideal model organism for investigating tularemia and
Francisella T6SS (Kingry and Petersen, 2014).
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Brodmann et al. Plasmids for Francisella novicida

Molecular tools to make chromosomal in-frame deletion
mutations in Francisella are available and commonly used to
study the role of a certain gene of interest on a particular
phenotype (Anthony et al., 1991; Golovliov et al., 2003; Frank
and Zahrt, 2007). However, gene deletion and insertions may
alter the expression of neighboring genes and cause so called
“polar effects”. If expression of the gene of interest in trans
from an inducible plasmid reverses the mutant phenotype,
a possible polar effect can be ruled out. Unfortunately, only
few expression plasmids are available for Francisella. Therefore,
many recent studies lack in trans complementation of in-frame
deletion mutations (Nano and Schmerk, 2007; Santic et al., 2011;
Eshraghi et al., 2016; Brodmann et al., 2017) or use chromosomal
complementation in cis (de Bruin et al., 2007; Weiss et al., 2007;
Lindgren et al., 2013).

All available expression plasmids for Francisella are derived
from the pFNL10 plasmid except for pCUG18, which is derived
from pC194 and pUC18 (Rasko et al., 2007). pFNL10 was isolated
from the F. novicida-like strain F6168 (Pavlov et al., 1996). The
function of pFNL10 is unclear; however, the five encoding regions
on the plasmid were identified. ORF1—ORF3 are required for
plasmid replication and encode replication initiation protein
RepA (ORF1), an ATP-dependent RNA helicase/endonuclease
(ORF2), and an integrase/recombinase (ORF3). ORF4 and
ORF5 encode a putative toxin-antitoxin system together with a
possible regulatory feature ORFm (Pomerantsev et al., 2001a)
(Figure 1A). Over the last 20 years, pFNL10 was modified
to meet the needs of the Francisella research community.
First, tetracycline and chloramphenicol resistance cassettes were
introduced for selection resulting in pFNL200 (Pavlov et al.,
1996). Since pFNL200 was restricted to replicate in Francisella,
the p15A origin of replication of Escherichia coli was added
thus obtaining a shuttle vector pKK202 (Norqvist et al., 1996).
Later, the constitutively active groESL promoter was successfully
used to express gfp and other genes (pKK214, pKK289Km,
Figure 1B) in-vitro and in eukaryotic cells (Abd et al., 2003;
Bönquist et al., 2008). Other pFNL10 derivatives are pFNLTP,
which includes a version that only replicates at 32◦C but not
at 42◦C due to a mutation in repA (Maier et al., 2004) and
pMP, which includes a version of a bla promoter that is not
recognized in E. coli to allow cloning of toxic genes in E.
coli (LoVullo et al., 2006, 2009). So far, only two controllable
Francisella promoter systems exist; a glucose repressible system
(pTCD3) (Horzempa et al., 2008) and a tetracycline inducible
or repressible version of the groESL promoter (pEDL) (LoVullo
et al., 2012). The tetracycline inducible promoter system is a
preferred choice for many bacterial model organisms because
it allows tight and concentration dependent regulation of
expression levels. It is also applicable for infection models such
as cell cultures or animals since tetracycline passively penetrates
most mammalian membranes (Bertram and Hillen, 2008). The
tetracycline inducible promoter systems consists of constitutively
expressed TetR, which binds to the tetO sequence and thereby
transcriptionally represses the tetA promoter. Tetracycline or
anhydrotetracycline (ATc), which is less toxic but has even higher
affinity to TetR, binds TetR, and derepresses the tetA promoter
(Gossen and Bujard, 1992). In the case of the tetracycline

repressible promoter system, TetR binds tetO only if tetracycline
or ATc is present, therefore, transcription is repressed upon
addition of ATc (Scholz et al., 2004).

Despite the efforts in recent years, complementation from
plasmid remains difficult in Francisella. Non-native expression
levels (Santic et al., 2007; Zogaj and Klose, 2010) and spontaneous
deletions in pFNL200 (Pomerantsev et al., 2001b) and pFNLTP
(Maier et al., 2004) were reported. Another problem is the
relatively low electroporation efficiency in Francisella and
especially in F. novicida for plasmids isolated from E. coli. This
is thought to be due to active restriction-modification systems
in Francisella (Maier et al., 2004; LoVullo et al., 2006). In F.
novicida, 4 restriction-modification systems were identified to
restrict unmodified plasmid DNA, while in F. tularensis most
restriction-modification system were annotated as pseudogenes
(Gallagher et al., 2008). Expression plasmids were mainly tested
in F. tularensis (Norqvist et al., 1996; Abd et al., 2003; LoVullo
et al., 2006, 2009, 2012; Rasko et al., 2007) and consequently, in-
frame deletions were more often complemented from plasmid
in F. tularensis (Lai et al., 2004; Gil et al., 2006; Maier et al.,
2006; Bönquist et al., 2008; Ark and Mann, 2011; Lindemann
et al., 2011; Schmidt et al., 2013). On the other hand, suitable
expression plasmids are mostly lacking in F. novicida and
therefore only few studies include complementation experiments
(Tempel et al., 2006; de Bruin et al., 2011).

Here we report construction of expression plasmids derived
from pKK289Km specially designed for F. novicida. pFNMB1
and pFNMB2 plasmids can be mobilized by conjugation
to overcome the need for electroporation. In addition, ATc
induction allows homogeneous gene expression and the plasmids
are stably maintained in a population for 4 days without selection
pressure. As a proof of concept, we successfully complemented
in-frame deletion of FPI genes iglF, iglI, and iglC in-vitro and iglI
in bone marrow derived macrophages.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Francisella tularensis subsp. novicida strain U112 and the
derivative strains were grown in brain heart infusion (BHI)
broth supplemented with 0.2% L-cysteine (Sigma). Ampicillin
(100μg/ml, AppliChem) or kanamycin (15μg/ml, AppliChem)
were added if not stated otherwise. Liquid cultures were grown
aerobically at 37◦C. Gene expression from plasmid was induced
by adding the indicated concentration of anhydrotetracycline
(ATc, IBA) to the liquid culture at OD600 of 0.02 for 3 h.
Escherichia coli DH5α λpir and derivative strains were grown
aerobically in Luria broth (LB) or on LB agar plates both
supplemented with 50μg/ml kanamycin at 37◦C. All strains used
are listed in Supplementary Table 1.

Construction of Plasmids
All plasmids and corresponding primers are listed in
Supplementary Table 2. Expression plasmids pFNMB1 and
pFNMB2 were constructed by using the backbone of pKK289Km
gfp (Bönquist et al., 2008) and inserting the RP4 mobilization site
of pDMK3 (Lindgren et al., 2007) at EcoRI and SbfI restriction
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FIGURE 1 | Plasmid maps. Promoters, genes, terminators, and some relevant restriction sites are shown. Maps were designed with SnapGene Version 4.0.3. (A)

Plasmid map of pFNL10 according to Pomerantsev et al. (2001a). (B) Plasmid map of pKK289Km gfp according to Bönquist et al. (2008). (C) Plasmid map of pFNMB

msfgfp with variable RBS sequences. pFNMB1 contains the RBS sequence of iglC and pFNMB2 of pKK289Km. The underline highlights the RBS, the arrows mark

the MluI restriction site and the start codon is represented in bold.

sites, thereby removing the truncated chloramphenicol resistance
cassette, a leftover of pKK214CAT (Abd et al., 2003). Then the
ATc inducible promoter cassette of pEDL17 (tetR with rpsL
promoter and groESL promoter with tetO; LoVullo et al., 2012),
the multiple cloning site of pDMK3 and the E. coli rrnB T1
and T2 terminators of pBAD24 (Guzman et al., 1995) were
combined by overlap-extension PCR. The PCR product was
placed into pKK289Km gfp at SpeI and EcoRI restriction sites
to remove the original groESL promoter and gfp gene. For
pFNMB1, the iglC RBS was inserted together with msfgfp at
XhoI and XmaI restriction sites by amplification of msfgfp
with primers containing the sequence of iglC RBS and an
additional MluI restriction site in front of the msfgfp start
codon (AGAGGAGAACGCGT). For pFNMB2, the iglC RBS

was exchanged for the RBS of pKK289Km by combining the
ATc inducible promoter cassette of pEDL17 and msfgfp by
overlap-extension PCR using primers containing the RBS of
pKK289Km with a MluI restriction site. The PCR product was
placed into pFNMB1 at SpeI and XmaI restriction sites. All
cloning products were sequenced. Plasmid maps were generated
with SnapGene Version 4.0.3. pFNMB1 msfgfp (Addgene ID:
113191) and pFNMB2 msfgfp (Addgene ID: 113192) were
deposited to Addgene.

Bacterial Mutagenesis
Suicide vector pDMK3 was used for generating in-frame
deletions as reported previously (Lindgren et al., 2007; Brodmann
et al., 2017), except that an optimized conjugation procedure
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was used (described below). Various genes were cloned into
pKK289Km using NdeI and EcoRI or SacI restriction sites and
into pFNMB1 and pFNMB2 using MluI and SacI restriction
sites. Plasmids, remaining peptides of in-frame deletions and
primers are listed in Supplementary Table 3. Cloning products
were sequenced and the site of homologous recombination was
verified by PCR with primers located outside of the replaced
regions.

pKK289Km and derivatives were transformed by
electroporation as reported previously (Maier et al., 2004).
Up to 1 μg of plasmid was used for electroporation. pFNMB1,
pFNMB2 and derivatives were mobilized by conjugation as
described below.

Conjugation
F. novicida was grown on BHI agar plates supplemented with
0.2 % L-cysteine and 100μg/ml ampicillin and the donor
E. coli strain (kind gift of A. Harms and C. Dehio, Harms
et al., 2017) harboring the plasmid of interest was grown
on Luria-Bertani (LB) agar plates supplemented with 300μM
2,6-Diaminopimelic acid (Sigma) and 50μg/ml kanamycin.
Both plates were incubated over night at 37◦C. The following
day, about 100 μl of F. novicida and E. coli dense bacterial
cultures were transferred to a fresh LB plate supplemented
with 300μM 2,6-Diaminopimelic acid and mixed thoroughly.
After 2 h incubation at 37◦C, about 50 μl of the mixture
was resuspended in 100 μl Mueller–Hinton (MH) broth and
plated on MH agar plates supplemented with 0.1% L-cysteine,
0.1% D-glucose (Millipore), 0.1% FCS (BioConcept), 100μg/ml
ampicillin, and 15μg/ml kanamycin and incubated for 2 days at
37◦C. Single F. novicida colonies were purified by passaging on
selective plates.

To assess conjugation efficiency, the donor and recipient
strains were first concentrated to an OD600 of 10 and then mixed
in a 1 to 1 ratio (each 50 μl). Five microliters of the mixture
was spotted on a LB agar plate supplemented with 300μM
2,6-Diaminopimelic acid in two technical replicates. After 2 h,
the spots were cut out and resuspended in 100 μl of MH
broth. The resuspended bacteria were plated on MH agar plates
supplemented with 0.1% L-cysteine, 0.1% D-glucose, 0.1% FCS,
100μg/ml ampicillin, and 15μg/ml kanamycin. The CFU per ml
and the conjugation efficiency were calculated in the following
manner:

Transformants (
CFU

ml
) =

average coloniescounted

0.1ml

Conjugation efficency =
calculated transformants

used donor cells

The assay was performed in three biological replicates.

Plasmid Stability Assay
On day 0, F. novicida harboring pFNMB1 msfgfp or pFNMB2
msfgfp were diluted to an OD600 of 0.02 and grown in liquid
overnight (ON) cultures supplemented with 15μg/ml kanamycin
and 500 ng/ml ATc to induce gene expression. On days 1–4,
the old ON cultures were diluted to an OD600 of 0.02 and

supplemented with 100μg/ml ampicillin and 500 ng/ml ATc. For
every ON culture, OD600 was measured and aliquots were taken
for imaging, serial dilutions and inoculation of new ON cultures.
Serial dilutions were plated on MH agar plates supplemented
with 0.1% L-cysteine, 0.1% D-glucose, 0.1% FCS, and 100μg/ml
ampicillin and on MH agar plates supplemented with 0.1% L-
cysteine, 0.1% D-glucose, 0.1% FCS, and 100μg/ml ampicillin
and 15μg/ml kanamycin. Colony forming units (CFU) were
counted and the concentrations of CFU/ml were calculated.
Number of generations were calculated with following formula:

N0 = calculated concentration of bacteria used for inoculation

N = calculated concentration of bacteria after serial dilution

Number of generations n =

log N
N0

log 2

The experiment was carried out in three biological replicates.

Plasmid Recovery
pFNMB1 msfgfp and pFNMB2 msfgfp were recovered from F.
novicida with a Zyppy Plasmid Miniprep Kit (Zymo Research)
after passaging the cultures for 4 days in liquid BHI supplemented
with 100μg/ml ampicillin and 500 ng/ml ATc as described above.
About 250 ng of each plasmid DNA was then transformed
into chemo-competent E. coli DH5α λpir. The transformed E.
coli were plated on LB agar plates supplemented with 50μg/ml
kanamycin. Three independent experiments were carried out.
The next day, colonies were grown in liquid LB supplemented
with 50μg/ml kanamycin, plasmid DNA was isolated and 250 ng
of each plasmid was digested with SacI-HF and SpeI restriction
enzymes (New England BioLabs) for 1 h. As control, both
plasmids were additionally isolated from E. coli directly, without
passaging in F. novicida, and digested identically. After heat
inactivation of the enzymes (80◦C for 20min), the digested
plasmids were loaded on a 1% agarose gel (BioConcept) together
with a 1 kb ladder (New England BioLabs). DNA was stained
with RedSafe (iNtRONBiotechnology) and a Red imaging system
(Alpha Innotech) was used for imaging.

Fluorescence Microscopy
Microscope set up was described previously (Kudryashev et al.,
2015; Vettiger and Basler, 2016; Brodmann et al., 2017). F.
novicida strains were prepared as described in Brodmann et al.
(2017). For assessment of plasmid stability, 1.5 μl ON culture
was spotted on a pad of 1% agarose in phosphate buffered
saline (PBS) and imaged immediately. For measuring the GFP
signal intensities after induction with ATc, the spotted bacteria
were imaged immediately. For assessing T6SS function of
complemented in-frame deletion mutants, the bacteria were
incubated on a pad at 37◦C for 1 h before imaging. All imaging
experiments were performed in three independent experiments.

Image Analysis
Image analysis and manipulations were performed with Fiji
software (Schindelin et al., 2012) as described previously (Basler
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et al., 2013; Vettiger and Basler, 2016). For calculation of the GFP
signal intensities after ATc induction, the background intensity
was subtracted with the plugin “BackgroundSubstracter.” Then
the plugin “Time Series Analyzer V3.0” was used to quantify
the total GFP signal intensity of the whole field of view.
The total GFP signal intensity was divided by the number of
bacteria in the field of view. Number of bacteria was calculated
with the “Find Maxima” function from phase contrast images.
Contrast on compared images was adjusted equally. For the
Supplementary Movies, the contrast used for F. novicida U112
�iglC pFNMB2 iglC induced with 500 ng/ml was set to match
the other strains.

Cell Culture and Infection Assay
The day before infection experiment, bone marrow derived
macrophages (BMDMs) were seeded into 96-well plates
(Eppendorf) at a density of 5∗104 cells/well in DMEM
(Thermo Fisher) with 20% M-CSF (supernatant of L929
mouse fibroblasts, BioConcept), 10% FCS (BioConcept), 10mM
HEPES (BioConcept), and non-essential amino acids (Thermo
Fisher). The BMDMs were primed with 100 ng/ml LPS from
E. coli O111:B4 (InvivoGen). F. novicida strains were grown
aerobically in liquid BHI culture supplemented with the
corresponding antibiotics and with 0 or 500 ng/ml ATc at 37◦C
ON. The next day, the medium of the BMDMs was replaced with
fresh medium supplemented with 0 or 1,000 ng/ml ATc and the
bacteria were added to the BMDMs at a multiplicity of infection
(MOI) of 100. The 96-well plates were centrifuged at 300 g
for 5min to synchronize the infection process and afterwards
incubated at 37◦C. After 2 h, the medium was replaced with
fresh medium supplemented with 0 or 1,000 ng/ml ATC and
with 10μg/ml gentamycin (BioConcept). Then the 96-well
plates were incubated for 10 h at 37◦C. Afterwards, a lactate
dehydrogenase (LDH) release assay was carried out with an LDH
Cytotoxicity Detection Kit (Takara). The percentage of LDH
release was calculated with the following formula:

% of LDH release =
LDH valueinfected − LDH value uninfected

LDH valuetotal lysis − LDH value uninfected
×100

Infection experiments were carried out in biological triplicates.

The unpaired two-tailed t-test with Welch’s correction was used

to identify significant differences. P-values are given in the figure

legend.

RESULTS

The need for expression plasmids for F. novicida, motivated us

to construct the mobilizable and inducible expression plasmids

pFNMB1 and pFNMB2 (Figure 1C). We constructed pFNMB1

and pFNMB2 by using the backbone of pKK289Km, which is

transformed by electroporation and contains a constitutively active

promoter groESL (Bönquist et al., 2008). As electroporation can be

difficult in F. novicida (Maier et al., 2004; LoVullo et al., 2006),

the need for electroporation was circumvented by inserting the RP4

mobilization site of pDMK3 (Lindgren et al., 2013) encoding traI

(relaxase), traX (regulation of traI and traJ), traJ, and traK (oriT

binding proteins) and origin of transfer (oriT) (Haase et al., 1995)

at the site of the truncated chloramphenicol resistance cassette.

The constitutively active groESL promoter was exchanged for the

tetracycline inducible grotet promoter (LoVullo et al., 2012). Two

different RBS were inserted to achieve a wider range of expression

levels. pFNMB1 was designed for lower expression and contains the

ribosomal binding site (RBS) of iglC in front of a MluI restriction

site. Higher expression levels in pFNMB2 were reached by inserting

the RBS of pKK289Km in front of a MluI restriction site. In addition,

the well characterized E. coli rrnB T1 and T2 terminators from pBAD

(Guzman et al., 1995) were inserted after a multiple cloning site.

First, we tested the conjugation efficiency of pFNMB1 msfgfp

from an E. coli strain harboring a chromosomally encoded RP4

machinery (Harms et al., 2017) to F. novicida. Both strains were

mixed in a 1:1 ratio and spotted on an agar plate. After 2 h incubation

at 37◦C, the bacteria were resuspended and plated on agar plates

containing both ampicillin and kanamycin to select for F. novicida

harboring the plasmid. On average, about 5.1∗10−7
± 2.5∗10−7

bacterial cells were transformed per donor cell.

As plasmid instability is reported for certain Francisella plasmids

(Pomerantsev et al., 2001b; Maier et al., 2004), we tested the stability

of pFNMB1 and pFNMB2 with msfgfp in F. novicida over 4 days

by inducing expression with 500 ng/ml ATc but without addition of

kanamycin to select for plasmid maintenance (Figure 2). To assess

plasmid stability, we monitored msfGFP expression by fluorescence

microscopy (Figures 2A,B) and counted the kanamycin resistant

colonies (Figure 2C). Over 4 days and during ∼40 generations,

the plasmids were stable in the bacterial population. Importantly

both, the msfgfp and the kanamycin resistance cassette, which

are located at different sites on the plasmid (Figure 1C), stayed

fully functional. To exclude that the plasmids integrated into the

chromosome, pFNMB1 msgfp and pFNMB2 msfgfp were recovered

from F. novicida after passaging the bacteria for 4 days as described

above. Then the isolated plasmid DNA was transformed into E. coli.

The plasmids were recovered again, digested with SacI and SpeI

restriction enzymes and loaded on an agarose gel to analyze the

size of the DNA fragments. Two bands of the correct size (about

6,000 base pairs and 1,700 base pairs) were observed for pFNMB1

msfgfp and pFNMB2 msfgfp similarly to the controls pFNMB1

msfgfp and pFNMB2 msfgfp, which were not passaged in F. novicida

(Figures 2D,E). These results strongly suggest that the plasmids

are maintained extra-chromosomally in F. novicida without any

rearrangements.

To test if the grotet promoters of pFNMB1 and pFNMB2 respond

to ATc in F. novicida, we used different ATc concentrations to

induce expression of msfGFP (Figure 3). Indeed, msfGFP intensity

increased in a concentration dependent manner for both plasmids.

However, the level of induction differed; GFP expression from

pFNMB1 was in general lower than from pFNMB2 (Figure 3D)

indicating that the pKK289KmRBS starts translationmore efficiently

than the iglC RBS. Furthermore, we compared GFP expression from

pFNMB1, pFNMB2 and pKK289Km by fluorescence microscopy

(Figures 3A–C). Interestingly, bacteria harboring pKK289Km gfp

showed a heterogeneous expression of GFP (Figure 3C), while all

bacteria harboring pFNMB1 msfgfp or pFNMB2 msfgfp expressed

similar levels of GFP after induction with 500 ng/ml ATc. Without

ATc, no GFP fluorescence was observed indicating that expression

is well repressed by the TetR in the absence of ATc (Figures 3A,B).

However, GFP expression was higher in some bacteria containing

pKK289Km plasmid than in those with pFNMB1 and pFNMB2

(Figures 3A–C).
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FIGURE 2 | Plasmid stability. GFP expression was induced with 500 ng/ml of ATc. ON culture of day 0 was supplemented with 15μg/ml kanamycin, while ON

cultures of days 1–4 were supplemented with 50μg/ml ampicillin. (A) GFP expression in F. novicida U112 pFNMB1 msfgfp ON cultures of day 0 and day 4. (B) GFP

expression in F. novicida U112 pFNMB2 msfgfp ON cultures of day 0 and day 4. (A,B) Images are a merge of phase contrast and GFP channel. 26 × 39μm fields of

view are shown. Scale bar represent 5μm. Representative replicates are shown. Three independent experiments were performed. (C) Survival assay performed with

ON cultures of F. novicida U112 pFNMB1 msfgfp and F. novicida U112 pFNMB2 msfgfp plated on ampicillin and ampicillin/kanamycin plates. Three independent

experiments were performed. (D) Digestion of pFNMB1 msfgfp with SacI and SpeI restriction enzymes. (E) Digestion of pFNMB2 msfgfp with SacI and SpeI restriction

enzymes. (D,E) Plasmids were passaged in F. novicida for 4 days before being transformed into E. coli. Controls were isolated directly from E. coli. Representative

replicates are shown. Three independent experiments were performed.

FIGURE 3 | GFP intensities of pFNMB1 msfgfp, pFNMB2 msfgfp, and pKK289Km gfp. (A) Homogeneous GFP expression in F. novicida U112 pFNMB1 msfgfp upon

induction with 500 ng/ml ATc. (B) Homogeneous GFP expression in F. novicida U112 pFNMB2 msfgfp upon induction with 500 ng/ml ATc. (C) Heterogeneous GFP

expression in F. novicida U112 pKK289Km gfp. (A–C) GFP expression was induced with 0 ng/ml ATc and 500 ng/ml of ATc. GFP channels are shown. 39 × 26μm

fields of view. Scale bars represent 5μm. (D) GFP expression in F. novicida U112 pFNMB1 msfgfp and F. novicida U112 pFNMB2 msfgfp was induced with 0, 25,

100, 250, 500, and 1,000 ng/ml of ATc. GFP intensity per bacterium was calculated as described in the section Materials and Methods. Three independent

experiments were performed. Standard deviations are shown.
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In our previous study, we constructed several in-frame deletion

mutants in F. novicida and assessed T6SS function using fluorescence

microscopy (Brodmann et al., 2017). For two mutants (�iglF and

�iglI) with abolished T6SS function, we were unable to exclude

polar effects as the deletion of the downstream genes (iglG and

iglJ) resulted in similar phenotypes. Here, we generated F. novicida

mutants carrying the respective complementation plasmids and

successfully restored T6SS sheath assembly in �iglF and �iglI

mutants by expression of IglF or IglI from pFNMB1 after induction

with 250 ng/ml ATc (Figures 4C,D, Supplementary Movies 1, 2).

Importantly, independently isolated colonies exhibited the same

phenotypes. This was in contrast with several problems we

experienced when using pKK289Km plasmid. First, electroporation

of pKK289Km was very inefficient, as we routinely obtained only 1–

10 transformed colonies even when using 1 μg of the plasmid DNA

and 3∗1010 F. novicida cells. In addition, independently isolated

colonies exhibited different phenotypes such as no complementation,

partial complementation or we only detected IglA-GFP aggregates

in cells (Figures 4A,B, Supplementary Movies 1, 2) suggesting

spontaneous deletions or variable expression levels. As previously

characterized (Brodmann et al., 2017), T6SS dynamics in F. novicida

consists of assembly, contraction and disassembly of a long cytosolic

sheath at the bacterial poles and thus non-dynamic GFP aggregates

likely represent non-functional T6SS (Supplementary Movies 1, 2).

We also tested ATc inducible plasmid pEDL17 (LoVullo et al., 2012)

for complementation, however, we failed to obtain any F. novicida

colonies containing the plasmid.

To further test pFNMB1 and pFNMB2 plasmids, we attempted to

restore T6SS function in a �iglC mutant. The IglC protein is likely

forming the T6SS inner tube, which was shown to be required in a

large copy number in canonical T6SS, e.g., up to ∼1,000 molecules

for a single Vibrio cholerae T6SS sheath-tube complex (Wang et al.,

FIGURE 4 | Complementation of in-frame deletion mutants on agar pads. The first frame of the GFP channel of one of the examples in the Supplementary Movie 2

is shown. T6SS assemblies were distinguished from GFP aggregates by analyzing dynamics in the movies. A maximum of 4 T6SS assemblies (arrow heads) and/or

GFP aggregates (empty arrow heads) are highlighted. 13 × 9.75μm fields of view. Scale bars represent 2μm. (A) T6SS sheath assemblies (arrow heads) in F.

novicida U112 iglA-sfgfp �iglF pKK289Km iglF colony 1 and GFP aggregates (empty arrow heads) in colony 2 (B) Failed T6SS sheath assembly in F. novicida U112

iglA-sfgfp �iglI pKK289Km iglI colony 1 and GFP aggregates (empty arrow heads) in colony 2. (C) T6SS sheath assemblies (arrow heads) in F. novicida U112

iglA-sfgfp �iglF pFNMB1 iglF, IglF expression induced with 250 ng/ml of ATc. (D) T6SS sheath assemblies (arrow heads) in F. novicida U112 iglA-sfgfp �iglI pFNMB1

iglI, IglI expression induced with 250 ng/ml of ATc. (E) One T6SS sheath assembly (arrow head) and GFP aggregates (empty arrow heads) in F. novicida U112

iglA-sfgfp �iglC pFNMB1 iglC, IglC expression induced with 500 ng/ml of ATc. (F) T6SS sheath assemblies (arrow heads) and GFP aggregates (empty arrow heads) in

F. novicida U112 iglA-sfgfp �iglC pFNMB2 iglC, IglC expression induced with 500 ng/ml of ATc.
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2017). As shown on Figure 4E and Supplementary Movies 1, 2,

T6SS sheath dynamics was only partially restored when inducing

IglC expression from pFNMB1 with 500 ng/ml of ATc. However,

T6SS sheath dynamics was restored to the levels similar to

the parental strain when using pFNMB2 for IglC expression

(Figure 4F, Supplementary Movies 1, 2). Overall, this suggests that

pFNMB plasmids are superior to the previously used plasmids for

complementation in F. novicida and that pFNMB2 plasmid can be

used to achieve high levels of protein expression.

Intracellular F. novicida require a functional T6SS to escape

from the phagosome in order to reach the replicative niche in

the cytosol (Chong and Celli, 2010). Cytosolic F. novicida bacteria

activate the absent in melanoma 2 (AIM2) inflammasome among

other defense mechanisms, which leads to pyroptotic cell death

and pro-inflammatory cytokine release (Fernandes-Alnemri et al.,

2010; Jones et al., 2010). To test whether pFNMB1 can be used for

complementation in bone marrow derived macrophages (BMDMs),

we analyzed in-frame deletion mutant �iglI and the respective

complemented strain for induction of pyroptosis in infected cells

as a measure for phagosomal escape and thus T6SS function. We

pre-induced expression of IglI from pFNMB1 with 0 and 500 ng/ml

ATc overnight and then infected BMDMs, which were supplemented

with 0 and 1,000 ng/ml ATc. After 10 h of infection, we observed

significantly higher cell death for the complemented strain than for

the in-frame deletion mutant without induced gene expression or for

the in-frame deletion mutant without the plasmid (Figure 5). This

result indicates that pFNMB1 can be used to restore T6SS activity in

F. novicidamutant in BMDMs.

DISCUSSION

We generated stable mobilizable expression plasmids pFNMB1 and

pFNMB2 for F. novicida. There are two major advantages using

these plasmids. First, they can be easily mobilized from E. coli

to F. novicida; second, they allow for inducible and homogeneous

expression of inserted genes in-vitro and inside eukaryotic cells.

We modified pKK289Km by insertion of the RP4 mobilization site

as we experienced great difficulties transforming F. novicida by

electroporation similarly to what was reported previously (Maier

et al., 2004; LoVullo et al., 2006). The low electroporation efficiency

in F. novicida is probably caused by the capsule and restriction-

modification systems (Maier et al., 2004; LoVullo et al., 2006;

Frank and Zahrt, 2007; Gallagher et al., 2008). Gallagher et al.

(2008) suggested to first transform plasmid DNA into a F. novicida

strain with all restriction-modification systems deleted and then

use this isolated plasmid DNA to transform wild-type F. novicida.

Importantly, the high efficiency of mobilization of the pFNMB

plasmids can be reached without this step and therefore may allow

for generation of large libraries of mutants and thus facilitate future

screens and selections.

To express genes in a controlled manner, pFNMB1 and pFNMB2

contain a tetracycline inducible promoter system, which was used

for F. tularensis (LoVullo et al., 2012). We could show that

expression levels were dependent on ATc concentration in F.

novicida (Figure 3D). In contrast to F. tularensis (LoVullo et al.,

2012), we observed no growth defects of F. novicida in the presence

of 1,000 ng/ml ATc. However, we noticed that the expression

levels achieved from pKK289Km were higher than those from our

constructs. One possible explanation for the lower induction levels of

FIGURE 5 | Complementation of �iglI mutant in BMDMs. Release of LDH

from primed BMDMs supplemented with 0 and 1,000 ng/ml ATc 10 h after

infection with F. novicida U112 iglA-sfgfp �iglI and F. novicida U112 iglA-sfgfp

�iglI pFNMB1 iglI. Bacterial cultures were supplemented with 0 and 500 ng/ml

ATc overnight. Black columns represent conditions without induction by ATc

and gray columns represent conditions with ATc. Means and standard

deviations of nine measurements originating from three biological replicates are

shown. The two-tailed unpaired t-test with Welch’s correction was used to test

significant differences between two groups. ***P < 0.001 and ****P < 0.0001.

pFNMB1 compared to pKK289Km are the different RBS. However,

pFNMB2 has a similar RBS as pKK289Km (except for the MluI

restriction site); therefore, it is also possible that pFNMB2 is still

partially repressed even at 1,000 ng/ml of ATc. This may suggest that

cytosolic concentration of ATc reaches lower level in F. novicida

than in F. tularensis. Indeed, differences in resistance levels toward

tetracycline antibiotics and number of transporters were reported

(Kingry and Petersen, 2014; Sutera et al., 2014). Additionally, in

contrast to pKK289Km, the expression from pFNMB1 and pFNMB2

is homogenous throughout the bacterial population (Figures 3A–C).

The reason for the heterogeneous gene expression from pKK289Km

in F. novicida is unknown; however, spontaneous deletions or

differential activation of the groESL promoter could be responsible.

Other suitable inducible promoter systems are difficult to use

in Francisella. The araBAD promoter requires the uptake of L-

arabinose for induction (Guzman et al., 1995); similarly the lac

promoter requires lactose or isopropyl-β-D-thiogalactopyranosid

(Polisky et al., 1976). Since Francisella lacks the L-arabinose

and lactose degradation pathway (NCBI, RefSeq NC_008601.1,

Larsson et al., 2005), it is questionable if these inducers are

taken up. In addition, Francisella has a unique RNA polymerase

composition with two different α subunits, which may interfere with

promoter recognition of these commonly used inducible promoter

systems subunits (Charity et al., 2007). A glucose repressible

promoter system was described for F. tularensis (Horzempa et al.,

2008), however, since glucose is a common carbon source, the

use of such repressor could be problematic. In addition, a

temperature dependent promoter was constructed for F. tularensis

(Maier et al., 2004). However, since Francisella is an intracellular
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pathogen (Chong and Celli, 2010), many cell culture infections

or in vivo experiments are performed at defined temperature and

temperature shifting is impossible. Overall, the tetracycline inducible

promoter system is likely the best option for F. novicida despite the

apparent suboptimal level of derepression by ATc. Importantly, the

possibility of inducing gene expression in cell culture or in vivo is a

crucial advantage for testing the role of expressed genes during the

pathogenesis of F. novicida.

In summary, we show that pFNMB1 and pFNMB2 are easy

to mobilize into F. novicida and are stably maintained in the

population. The tetracycline inducible promoter system is functional

in F. novicida and can be used to tune gene expression levels.

pFNMB1 and pFNMB2 exhibit homogeneous expression patterns in

a population and can be used to complement chromosomal in-frame

deletions. Overall, pFNMB1 and pFNMB2 may serve as useful tools

for future studies of F. novicida.
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2. Supplementary movies17 

Supplementary movie 1: Close up of T6SS sheath dynamics in complemented mutants.18 

IglA-sfGFP was monitored in F. novicida U112 iglA-sfgfp ΔiglF pKK289Km iglF, F. novicida19 

U112 iglA-sfgfp ΔiglF pFNMB1 iglF, F. novicida U112 iglA-sfgfp ΔiglI pKK289Km iglI, F. 20 

novicida U112 iglA-sfgfp ΔiglI pFNMB1 iglI, F. novicida U112 iglA-sfgfp ΔiglC pFNMB121 

iglC and F. novicida U112 iglA-sfgfp ΔiglC pFNMB2 iglC. Gene expression was induced with 22 

250 ng/ml of ATc except for IglC, which was induced with 500 ng/ml of ATc. The bacteria 23 

were imaged for 5 min at a frame rate of 2 frames per minutes and for each strain two 24 

representative time-lapse image series are shown. The movie consist of the GFP channel and 25 

the scale bar represents 1 μm. Fields of view are 3.3 x 3.3 μm. Movies play at a frame rate of 526 

frames per second.27 

28 

Supplementary movie 2: Overview of T6SS sheath dynamics in complemented mutants.29 

IglA-sfGFP was monitored in F. novicida U112 iglA-sfgfp ΔiglF pKK289Km iglF, F. novicida30 

U112 iglA-sfgfp ΔiglF pFNMB1 iglF, F. novicida U112 iglA-sfgfp ΔiglI pKK289Km iglI, F. 31 

novicida U112 iglA-sfgfp ΔiglI pFNMB1 iglI, F. novicida U112 iglA-sfgfp ΔiglC pFNMB132 

iglC and F. novicida U112 iglA-sfgfp ΔiglC pFNMB2 iglC. Gene expression was induced with 33 

250 ng/ml of ATc except for IglC, which was induced with 500 ng/ml of ATc. The bacteria 34 

were imaged for 5 min at a frame rate of 2 frames per minutes and for each strain two 35 

representative time-lapse image series are shown. The movie consist of the GFP channel and 36 

the scale bar represents 5 μm. Fields of view are 39 x 26 μm. Movies play at a frame rate of 537 

frames per second.38 

39 
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IV. DISCUSSION

Subcellular organization in bacteria is increasingly appreciated and considered 

important for the function of a bacterial cell (Shapiro et al., 2009; Surovtsev and 

Jacobs-Wagner, 2018; Updegrove and Ramamurthi, 2017; Young, 2006). Especially, 

bacterial secretion systems are tightly regulated for efficient substrate delivery 

(Basler et al., 2013; Bröms et al., 2010; Ellermeier and Slauch, 2007; Joshi et al.; 

Lacerda et al., 2013; Mougous et al., 2007; Yahr and Wolfgang, 2006). 

The T6SS is a contact-dependent contractile nanomachine to deliver effector proteins 

into target cells (Wang et al., 2019). This recently discovered secretion system is a 

major contributor in shaping bacterial communities as well as in host-pathogen 

interactions (Alteri et al., 2013; Basler et al., 2013; Bingle et al., 2008; Brodmann et 

al., 2017; Chen et al., 2019; Gibbs et al., 2008; Schwarz et al., 2014). Although the 

T6SS is encoded in more than 25 % of all sequence Gram-negative bacteria (Bingle 

et al., 2008), it has several drawbacks. First, the contact-dependency limits the range 

of the T6SS and requires the attacker to come within the targets reach. Thus, the 

chances increase of being it oneself. In addition, the T6SS mode of action yields in 

only a few effector translocation events per round of firing while thousands of T6SS 

components are required for building the whole apparatus. Thus, bacteria evolved 

different strategies in order to overcome these above-mentioned drawbacks. These 

strategies are reflected in the diverse T6SS activation patterns, dynamics and 

subcellular localizations observed by live-cell fluorescence microscopy. 

Nevertheless, the regulation mechanisms behind these differences in T6SS dynamics 

are poorly understood. 

This PhD thesis aimed at getting more insights into how different spatial-temporal 

T6SS activity patterns are accomplished. Besides, we wanted to understand what the 

consequences of different T6SS subcellular localizations are. 
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4.1. The importance of repositioning the T6SS apparatus 

Live-cell fluorescence microscopy revealed that T6SS assemblies take place at 

several subcellular localizations inside a cell and that positioning of the T6SS is 

dynamic in most bacteria (Basler and Mekalanos, 2012; Basler et al., 2013; Gerc et 

al., 2015; Ostrowski et al., 2018; Ringel et al., 2017). The importance of T6SS 

repositioning is best described for P. aeruginosa and S. marcescens; when their T6SS 

is locked in one position, killing of prey cell significantly decreases despite of high 

T6SS activity (Basler et al., 2013; Fritsch et al., 2013; Ostrowski et al., 2018). These 

reports suggest that dynamical repositioning of the T6SS likely increases the chances 

of translocating enough effectors into to the right target. 

P. aeruginosa, S. marcescens and A. tumefaciens evolved a specialized post-

translational regulation for T6SS repositioning called Threonine phosphorylation

pathway (TPP) (Basler et al., 2013; Fritsch et al., 2013; Lin et al., 2014; Mougous et

al., 2007; Ostrowski et al., 2018). The TPP contains a periplasmic sensor module,

which integrates extracellular signals and activates the IM kinase PpkA. Activated

PpkA phosphorylates a cytosolic target protein and subsequently T6SS assembly is

initiated. Eventually, phosphatase PppA dephosphorylates the target protein and

T6SS activity is shut down. The unique sensor module composed of

TagQ/TagR/TagS/TagT in P. aeruginosa senses membrane damage resulting in fast

T6SS dependent retaliations (Basler and Mekalanos, 2012; Basler et al., 2013;

Casabona et al., 2013; Ho et al., 2013; Silverman et al., 2011; Wilton et al., 2016).

However, it is not clear how attackers are localized and how signals are integrated

by TagQ/TagR/TagS/TagT.

My first project (chapter 3.1.) aimed at understanding how membrane damage is 

sensed by TagQ/TagR/TagS/TagT and subsequently initiates T6SS assembly. In E. 

coli envelope stress is sensed by mislocalized lipoprotein RcsF (Cho et al., 2014). 

Thus, we mutated the N-terminal signal sequence of lipoprotein TagQ in order to 

change its subcellular localization from OM to IM. Interestingly, we observed a 

hyperactive T6SS mutant which had similarities to a pppA deletion mutant (Basler et 

al., 2013). In agreement, this TagQ mutant was not able to distinguish between T6SS- 

and T6SS+ prey cells. Unfortunately, we could not confirm that translocation of TagQ 

from OM to IM constitutively activated T6SS as mutant TagQ was also found in 
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inclusion bodies. Consequently, we failed to confirm that changes in subcellular 

localization of TagQ are important for initiating T6SS assembly in P. aeruginosa. 

Moreover, this hypothesis had several weaknesses. Based on bioinformatics analysis, 

TagR likely binds and subsequently activates PpkA (Hsu et al., 2009). Since TagQ 

is about 60 times more abundant than other TPP components and shown to localize 

TagR to the OM (Casabona et al., 2013; Lin et al., 2019), TagQ could potentially act 

as sink for TagR in order to prevent T6SS activation. In agreement, TagQ localized 

to IM would bring TagR in closer proximity of PpkA and thus increases T6SS 

activation. However, deletion of TagQ does not lead to expected hyperactive T6SS 

by freed TagR but to abrogation of T6SS activity (Casabona et al., 2013). Thus, TagQ 

likely has an additional function, which remains unknown so far. One possibility is 

that TagQ is required for TagR stability. However, my TagR mutants with mutated 

N-terminal signal sequences were less abundant compared to wild-type TagR but

were still able to induce T6SS activity and quick retaliation responses.

Furthermore, the role of ABC transporter TagS/TagT was neglected for our 

hypothesis that subcellular localization changes of TagQ and TagR results in T6SS 

activation. Yet, TagS and TagT are required for proper sensing and full T6SS activity 

(Basler et al., 2013; Casabona et al., 2013). Since it is not known what TagS/TagT 

transport (Casabona et al., 2013), it is difficult to form a hypothesis regarding their 

function. In addition, recent bioinformatics predictions reveal that TagQ may have a 

peptidoglycan-binding domain. Thus, it may be necessary to refine our hypothesis 

and include newly gained insights. In general, I firmly believe that for elucidating 

how the TPP in P. aeruginosa works, it is necessary to have structures of the different 

TPP components. Solved structures will allow making educated guesses about 

interaction sites or transported substrates and will facilitate making mutants in order 

to confirm newly formed hypotheses. 

Other bacteria reposition their T6SS apparatus without the TPP. For example, V. 

cholerae and A. baylyi have a constantly active T6SS which apparently assembles at 

random localizations of a cell (Basler and Mekalanos, 2012; Ringel et al., 2017). 

However, the question still arises what triggers the T6SS assembly at a particular 

localization. Interestingly, many cell envelope-spanning complexes such as flagella, 

T3SS or T4SS depend on a specialized lytic transglycosylase for insertion into the 

peptidoglycan layer (Dik et al., 2017; Scheurwater et al., 2008; Typas et al., 2011). 
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Indeed, A. baylyi encodes the specialized LD-endopeptidase TagX which is required 

for insertion of the membrane complex into the peptidoglycan layer (Weber et al., 

2016). E. coli Sci-1 T6SS membrane complex is also inserted into the peptidoglycan 

layer by the general lytic transglycose MltE (Santin and Cascales, 2017). 

Interestingly, the Sci-1 T6SS in EAEC is an exception as it is not repositioned but 

repeatedly assembled at apparently random positions within a cell (Durand et al., 

2015). Nevertheless, it remains to be elucidated how TagX and MltE are regulated. 

In contrast, V. cholerae does not encode any peptidoglycan-cleaving enzyme in its 

T6SS cluster. Thus, one possibility could be that local weakening of the 

peptidoglycan due to general peptidoglycan remodeling or due to the activity of 

peptidoglycan targeting antibiotics or effectors might be enough for T6SS membrane 

complex insertion. Interestingly, T6SS in V. cholerae does not need an intact 

peptidoglycan layer for functional effector translocation (Vettiger et al., 2017), 

suggesting that its membrane complex may be assembled randomly without any 

regulation.  

4.2. Consequences of T6SS repositioning in P. aeruginosa 

The interplay between TPP components in P. aeruginosa results in a unique 

activation pattern, where P. aeruginosa only assembles its T6SS if membrane 

damaged caused by T6SS or other stimuli is sensed (Basler et al., 2013). This 

defensive T6SS strategy favors pacifistic bystanders while other neighboring T6SS+
 

bacteria are killed. However, this “tit-for-tat strategy” has also consequences for P. 

aeruginosa itself. Chapter 3.2. of this PhD thesis investigated when the defensive 

T6SS strategy of P. aeruginosa is successful. By modelling T6SS based bacterial 

competitions in silico, it became evident that certain constraints have to be met in 

order for P. aeruginosa to kill T6SS+ attackers successfully. 

First, P. aeruginosa needs to survive initial attacks in order to localize an attacker 

and second, needs to efficiently retaliate and inflict more damage than encountered. 

While it was already known that the TPP ensures precise localization of attackers and 

thus efficient effector translocation, our live-cell fluorescence microscopy data 

suggest that indeed, P. aeruginosa inflicts maximal damage by quick multiple rounds 

of firing at the same site. Although, it is not clear if the T6SS is quickly reassembled 
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or several T6SS are assembled at the same position, SIM data of Dr. Andrea Vettiger 

suggest that T6SS sheaths are reassembled at the same position. On the other hand, 

it is still an open question, how P. aeruginosa becomes resilient to initial T6SS 

attacks.  

While the defensive T6SS strategy of P. aeruginosa is likely more cost-efficient in 

regard of T6SS components, TPP components also need to be expressed and 

maintained at their proper localization. Especially, TagQ is present in 50’000 copies 

on average per ΔretS cell (comparable to the number of Hcp subunits) and requires 

transport to the OM (Casabona et al., 2013; Lin et al., 2019). In order to keep the 

T6SS assembly cost low, P. aeruginosa must avoid accidental firings such as 

observed in a ΔretS strain. A drawback of sensing general membrane damage is that 

sister cells and non-kin attackers are not distinguishable. Thus, additional T6SS 

regulation by TagF as well as by the complex transcriptional and  post-transcriptional 

network described in chapter 2.4.1. may be a consequence of keeping the random 

T6SS activity low (LeRoux et al., 2015; Lesic et al., 2009; Lin et al., 2018; Mougous 

et al., 2006; Silverman et al., 2011). However, since S. marcescens, A. tumefaciens 

and A. baylyi also encode TagF (Lin et al., 2014, 2018; Silverman et al., 2011), its 

exact contribution to different T6SS activation strategies remains elusive.  

4.3. Francisella T6SS dynamics and its role in pathogenesis 

Thorough investigation of canonical T6SS led to the detailed understanding of T6SS 

we have today (Wang et al., 2019). However, Francisella, the causative agent of 

tularemia, encodes a non-canonical T6SS on the FPI required for phagosomal escape 

(Bröms et al., 2010). Especially, the lack of ATPase for disassembly of contracted 

sheath subunits as well as many genes with unknown function made it initially 

unclear if Francisella T6SS has as similar mode of action as canonical ones (Bröms 

et al., 2010; Clemens et al., 2015). 

In chapter 3.3. we characterized Francisella T6SS dynamics by live-cell fluorescence 

microscopy. Furthermore, we assessed the contribution of unknown genes to T6SS 

function and Francisella virulence. In summary, Francisella T6SS sheath dynamics 

are comparable to canonical ones (Basler and Mekalanos, 2012; Brodmann et al., 

2017; Ringel et al., 2017). Besides, we found that general unfoldase ClpB 
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disassembles contracted sheath subunits instead of canonical ClpV. These findings 

suggest that despite of sequence variations in individual components and the 

replacement of specialized T6SS components by more general components, 

Francisella T6SS functions as a normal T6SS. In agreement, the solved structure of 

contracted sheath as well as structures from individual FPI components harbor folds 

comparable to canonical T6SS components (Aschtgen et al., 2012; Clemens et al., 

2015; Kudryashev et al., 2015; Mougous et al., 2006; Robb et al., 2012; Salih et al., 

2018; Sun et al., 2007). Nevertheless, important baseplate components such as TssG 

and TssF are missing. However, it is likely that some of the genes with unknown 

function but which are essential for T6SS function may serve as replacements as for 

example IglI for TssA (chapter 3.4.). In order to find the missing baseplate 

components, solved structures of all FPI components might be essential. 

The importance of ClpB-mediated T6SS sheath recycling for Francisella virulence 

highlighted that individual effector translocations events are not enough for 

phagosomal escape as a clpB deletion mutant is still able to fire at least once or twice. 

One possibility is that the local concentration of effectors at the target site is too low 

in general. However, it is also possible that Francisella sequentially secretes different 

effectors in a temporal hierarchy as observed for the T3SS (Deng et al., 2005; Winnen 

et al., 2008). Thus, it could be that eventually abrogated T6SS dynamics lead to the 

absence of one specific effector. Moreover, it is also possible that secondary effects 

of clpB deletion decreases Francisella virulence as ClpB is also involved in 

unfolding aggregated proteins in response to various stresses (Meibom et al., 2008). 

In order to detangle these two functions, it will be necessary to block ClpB-mediated 

sheath recycling specifically without blocking its other function. 

In general, the effector repertoire of Francisella T6SS is poorly characterized. We 

and others identified two effectors encoded on the FPI, which are required for 

phagosomal escape (Brodmann et al., 2017; Eshraghi et al., 2016; Ludu et al., 2008; 

Uda et al., 2014). In addition, two components secreted in a T6SS dependent manner, 

which are not encoded on the FPI, were identified (Eshraghi et al., 2016). So far, only 

the mode of action of OpiA, a phosphatidylinositol 3-kinase for delaying phagosomal 

maturation, was resolved (Ledvina et al., 2018). Thus, it remains to be elucidated 

how the other known effectors contribute to Francisella virulence and if there are 

more effectors to be found. 
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In order to investigate the role of Francisella T6SS and its effectors in vivo, I 

established G. mellonella larvae as an easy to use infection-model (chapter 3.5). G. 

mellonella larvae combine the benefit of low maintenance costs and easy handling of 

in vitro systems with the advantage of being a multicellular organism with a complex 

innate immune system (Ramarao et al., 2012; Tsai et al., 2016). Furthermore, not 

only does G. mellonella allow the study of bacterial pathogenicity but also drug 

discovery and toxicity studies can be carried out in this model organism (Aperis et 

al., 2007; Megaw et al., 2015; Tsai et al., 2016). Most importantly, G. mellonella 

may also serve as in vivo model for Francisella arthropod reservoir hosts. To date, 

Francisella virulence studies focus mainly on pathogenicity in mammals. However, 

Francisella is often found in the environment and most tularemia cases are 

transmitted by arthropods (Wittwer et al., 2018). Thus, it is important to understand 

the role of Francisella T6SS in theses settings. 

My initial results suggested that Francisella virulence in G. mellonella larvae is also 

dependent on a functional T6SS. However, the contribution of known effectors may 

be different from the one in mice. In addition, T6SS sheath recycling was not 

essential for killing G. mellonella larvae suggesting that less translocation events are 

necessary for full virulence. Nevertheless, I am certain that Francisella infections in 

G. mellonella larvae will add new insights to the Francisella effector repertoire as

well as give valuable information about the importance different virulence factors in

arthropods.

Although Francisella is studied for a long time, only a limited number of expression 

plasmids are available (Abd et al., 2003; Bönquist et al., 2008; LoVullo et al., 2006; 

Maier et al., 2004; Norqvist et al., 1996). Furthermore, all of them were designed for 

F. tularensis and F. holarctica, but worked poorly in F. novicida (LoVullo et al.,

2006; Maier et al., 2004).

In chapter 3.6. I designed mobilizable and tunable expression plasmids tailored to F. 

novicida in order to express genes in a temporal controlled manner (Brodmann et al., 

2018). These plasmids will help to gain further insights into Francisella physiology 

and virulence. 
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4.4. The unique polar localization of Francisella T6SS 

A unique feature of the dynamic non-canonical Francisella T6SS is its restricted 

subcellular localization to the poles (chapter 3.3.) (Brodmann et al., 2017). 

Interestingly, there is one report for polar localization of ClpV-5 in B. thailandensis 

(Schwarz et al., 2014). However, ClpV-5 foci were less dynamic and were also 

polarly localized in the absence of a functional T6SS (Lennings et al., 2019; Schwarz 

et al., 2014). Nonetheless, many secretion systems required for host-pathogen 

interactions are reported to be at the poles (Carlsson et al., 2009; Chakravortty et al., 

2005; Charles et al., 2001; Jain et al., 2006; Jeong et al., 2017; Morgan et al., 2010; 

Rosch and Caparon, 2004; Scott et al., 2001). The importance of polar localization 

was demonstrated for L. pneumophila T4SS; mislocalization led to decrease 

virulence despite of functional secretion (Jeong et al., 2017). 

Chapter 3.4 aimed at elucidating how Francisella T6SS is localized to the poles in 

order to answer the question whether the subcellular localization of the T6SS is 

important for Francisella virulence. Analysis of membrane complex dynamics with 

live-cell fluorescence revealed that Francisella membrane complex is only 

assembled after 20 min incubation on an agarose pad. Interestingly, formation of 

membrane complex was not dependent on functional protein synthesis. In contrast, 

sheath assembly was dependent on protein synthesis and required expression of 

sheath subunits during 1-2 h incubation on an agarose pad. These findings suggest 

that there is differential expression of FPI components resulting in a two-step 

assembly of the T6SS apparatus. In this way, Francisella may control costs for T6SS 

assembly and only express high copy number subunits after sensing additional 

stimuli. Moreover, these results also suggest that the membrane complex is not pre-

installed at nascent poles as observed for Type IVa pili in P. aeruginosa and 

suggested for the polar T4SS in L. pneumophila (Carter et al., 2017; Jeong et al., 

2017). In agreement, deletion of several proteins involved in cell division did not 

abrogate polar T6SS activity.  

Furthermore, we observed a striking difference between the number of formed 

membrane complexes, which was present in almost every cell, and the number of 

assembled T6SS sheaths, which were only present in every third cell, after 1 to 2 h 

incubation on an agarose pad. In addition, some cells had membrane complexes 
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formed at both poles but only assembled T6SS sheath at one pole. One explanation 

for these observations could be that there are limiting components. For example, 

limitation of spike protein VgrG results in fewer T6SS assemblies in V. cholerae 

(Vettiger and Basler, 2016). In agreement, a study of the abundancy of canonical 

T6SS components revealed that membrane complex components together with 

baseplate and spike complex components belong to the lowest abundant T6SS 

components (Lin et al., 2019). However, after 1 to 2 h incubation on agarose pads, 

enough sheath subunits are expressed to assemble a T6SS structure. Thus, it is 

unlikely that other, less abundant T6SS components are limiting. Another and more 

exciting possibility is that there is additional post-translational regulation. One 

possibility is that changes in c-di-GMP levels may activate membrane complex 

formation as response to surface encounter as shown for biogenesis of Type IVa pili 

in P. aeruginosa (Laventie et al., 2019). Indeed, F. novicida but not F. tularensis 

encodes a c-di-GMP regulon (Zogaj et al., 2012).  

Studies presented in this thesis were carried out in F. novicida, which contains only 

one FPI (Brodmann et al., 2017; Bröms et al., 2010). The more virulent F. tularensis 

and F. holarctica encode both two identical FPIs, which can complement each other 

(Bröms et al., 2010). Therefore, it would be interesting to see, if they still assemble 

only one T6SS per cell and or if they simultaneously assemble T6SS at both poles. 

As discussed above, antibacterial T6SS need to be repositioned for efficient killing 

of target cells. However, this seems not to be the case for the anti-eukaryotic T6SS 

in Francisella. Since Francisella is small and T6SS is a contact-dependent secretion 

system, polar assembly may increase the target range as it allows the assembly of 

longer sheaths. Furthermore, Francisella may come into closer contact with the 

phagosomal membrane at the poles or the local concentration of effectors may be 

increased by polar secretion as suggested for L. pneumophila T4SS (Jeong et al., 

2017). 

In general, there are several reasons for the accumulation of anti-eukaryotic secretion 

systems at the poles. First, bacteria have to overcome charge repulsion in order come 

in close contact with host cells (van Loosdrecht et al., 1989). Thus, bacteria 

approaching with the poles first minimize the surface area encountering these charge 

repulsions. In addition, many flagella and pili are polarly localized (Carter et al., 
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2017; Young, 2006), thus it is likely that these bacteria encounter host cells again 

first via the pole. Moreover, polar peptidoglycan has the advantage that it is more 

stable compared to lateral peptidoglycan, which is constantly remodeled (Typas et 

al., 2011; Young, 2006). Therefore, large macromolecular complexes are more stable 

and less likely ripped apart if inserted at the poles. 

In summary, polar localization of dynamic Francisella T6SS is unique among T6SS 

but not among other anti-eukaryotic secretion systems. Thus, polar localization of 

Francisella T6SS likely serves a specific function. Since the mechanism to localize 

Francisella T6SS to the poles is not identified yet, it was not possible to assess the 

contribution of polar localization to Francisella virulence. Nevertheless, our study 

brought new insights in membrane complex formation and regulation. Consequently, 

our results will serve as a starting point for future investigations. 

4.5. The putative T6SS encoded on the FNI in Francisella novicida 

F. novicida encodes, next to the characterized polar T6SS on the FPI, an additional

putative T6SS on the FNI (Brodmann et al., 2017; Bröms et al., 2010; Rigard et al.,

2016). However, the relevance of the FNI remains elusive, as most FNI genes were

never found in transposon screens for virulence factors (Ahlund et al., 2010; Brunton

et al., 2015; Kraemer et al., 2009; Su et al., 2007).

In chapter 3.4. we tried to investigate if the T6SSFNI encodes a functional T6SS by 

live-cell fluorescence microscopy. However, we never observed any T6SS assembly 

in our conditions. In accordance, fluorescently tagged membrane complex 

component DotU resulted in a diffuse signal in the cytosol. Either the FNI 

components were not expressed sufficiently or a trigger for initiating the assembly 

was missing. However, as we do not know in what conditions the T6SSFNI is required, 

it is difficult to predict the necessary triggers. Another possibility is that essential 

components are missing, as for example no inner tube FNI component (iglC/hcp) is 

identified yet. 

In contrast, fluorescently tagged FNI component FTN_0045, which contains a 

putative ImpA domain, yielded in dynamic cytosolic foci. Surprisingly, deletion of 

FTN_0045 affected T6SS sheath dynamics encoded on the FPI. The retention time 
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between assembly and contraction was significantly longer in a FTN_0045 deletion 

mutant. In the parental F. novicida strain, T6SS sheath assemble and immediately 

contract afterwards (Brodmann et al., 2017). In some bacteria with canonical T6SS, 

an ImpA-domain containing protein called TagA is required to stabilize extended 

sheaths before contraction (Santin et al., 2018; Szwedziak and Pilhofer, 2019). Thus, 

FTN_0045 seems to have the opposite effect of TagA. Interestingly, deletion of 

FTN_0045 resulted in decreased virulence in mice (Kraemer et al., 2009) suggesting 

again that abnormal T6SS dynamics may cause a virulence defect. However, it is not 

known if FTN_0045 has an additional role in F. novicida pathogenicity. 

Although we were not able to elucidate the importance of the FNI in F. novicida, we 

have evidence that FNI components are expressed and some of them even have 

distinct subcellular localizations. Thus, I am confident that the FNI does have a role 

in F. novicida physiology, although future experiments will have to determine its 

exact function.  

 

4.6. The study of subcellular localization in future 

The T6SS is an excellent example that subcellular localization is also important in 

bacteria. Nevertheless, still not much is known in general about how bacteria achieve, 

maintain and regulate subcellular localization. But why is it such a difficult topic to 

investigate? 

First, bacteria are small compared to eukaryotic cells. Thus, imaging techniques with 

enough resolution to resolve distinct loci inside bacteria are sparse and expensive. 

Next to cryo-electron microscopy, which cannot capture dynamic processes, light-

based microscopy techniques are the method of choice to investigate bacteria. 

Dynamic processes inside bacterial cells are mostly investigated with live-cell 

fluorescence microscopy. However, there the resolution is limited by the diffraction 

barrier to 200-250 nm, which can already be a fourth of a bacterial cell (Huang et al., 

2010; Schneider and Basler, 2016). In the last years, several super-resolution 

techniques were developed in order to break the resolution limit of light microscopes 

(Schermelleh et al., 2019). Especially, structured illumination microscopy (SIM) 

became very popular as it allows the use of conventional fluorophores (Gustafsson, 

2000). SIM increases resolution through the addition of a fine-striped interference 
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pattern in different angles to the light path in order gain more high frequency 

information. Then, reconstruction algorithms are used to make the additional gained 

information visible (Gustafsson, 2000). Nowadays, SIM can push the lateral 

resolution limit to 60 nm or lower (Li et al., 2015).  

Next to resolution, there is still the challenge of labelling the protein of interest. The 

fluorophore toolbox constantly expands in regards of wavelength, size, physical and 

biochemical properties (Schneider and Basler, 2016). However, the challenge 

remains to find a fluorophore, which is non-toxic, bright and stable enough and does 

not affect the labelled protein in your model organism of choice. Deconvolution 

algorithms may improve signal to noise ratio for weak signals, which are often the 

case for low copy number proteins (Swedlow, 2013). In order for deconvolution 

algorithms to work, at least three images in z-orientation per frame and channel are 

needed. For SIM, the number of images required for reconstruction is even 45x 

higher. Thus, fluorophore bleaching is still a major problem in some cases. 

Furthermore, it may be difficult to screen and select for mislocalized proteins of 

interest, especially if involved proteins are essential or there is no obvious phenotype 

to select. Newly developed tools such as CRISPR interference (CRISPRi) may help 

to screen for essential proteins involved in subcellular localization. CRISPRi uses a 

mutant Cas9 protein (dCas9), which cannot cleave DNA any longer but still 

translocates to the DNA of interest guided by a given sgRNA. Thereby, dCas9 blocks 

transcription and thus the gene of interest is silenced (Larson et al., 2013). The 

advantage of CRISPRi compared to conventional gene deletion is that the silencing 

of a gene can be temporally regulated and thus allows to target essential genes (Peters 

et al., 2016). 

Screening for phenotypes with differences in temporal or spatial expression of a 

protein of interest by time-lapse microscopy is time consuming and low-throughput. 

However, recently a new microscopy based screen called DuMPLING was reported, 

which combines a pooled CRISPRi library with live-cell fluorescence microscopy in 

a microfluidic device (Lawson et al., 2017). It allows automated screening for about 

60 phenotypes at once depending the size of the mother machine. The advantage of 

this screen is that also transient as well as subcellular localization phenotypes are 

captured in contrast to conventional endpoint screens. Furthermore, barcodes for 
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different CRISPRi sequences allow identification of the corresponding genotypes by 

fluorescent in situ hybridization or in situ sequencing. 

Another possible for selection of mislocalized T6SS or other proteins of interest in 

intracellular pathogens such as Francisella is to use a CRISPRi library and select for 

bacteria, which are not able to escape the phagosome. Since the phagosome is more 

acidic than the cytosol (Huynh and Grinstein, 2007), antibiotics sensitive to pH such 

as aminoglycosides will only kill cytosolic bacteria but not the ones trapped inside 

the phagosome. In contrast, selection for mutants, which reached the cytosol, could 

be achieved with chloroquine, which only accumulates to bactericidal concentrations 

in acidic vesicles (Finlay and Falkow, 1988; Thurston et al., 2016). 

Summarized, the development of new tools and methods as well as further 

diversification of model systems will facilitate the study of subcellular localization 

in bacteria in future. This will be important to find new antimicrobial targets to 

overcome multidrug resistance pathogens and to end the antimicrobial drug 

discovery crisis. 
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AAA ATPase associated with diverse cellular activities 

AD Adaptive dynamics 

AIM2 Absent in melanoma 2 

ATc Anhydrotetracycline 

ATP Adenosine triphosphate 

BHI Brain heart infusion 

BMDM Bone-marrow derived macrophage 

CFU Colony forming unit 

CPase Carboxypeptidase 

CRISPRi Clusterd regularly interspaced short palindromic repeats interference 

DMSO  Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DPBS Dulbecco’s phosphate buffered saline 

EAEC Enteroaggreative Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

EPase Endopeptidase 

FNI Francisella novicida island 

FPI Francisella pathogenicity island 

Gtase Glycosyltransferase 

HHpred Structure prediction by hidden Markov model comparison 

IbM individual-based model 

IM Inner membrane 

IPTG Isopropyl-β-thiogalactopyranoside 

LB Luria broth 

LC-MS Liquid chromatography-mass spectrometry 

LD50 Lethal dose for 50 % of subjects 
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LOL Localization of lipoproteins 

LPS Lipopolysaccharide 

LT Lytic transglycosylase 

LVC Legionella containing vacuole 

MIC Minimal inhibitory concentration 

MOI Multiplicity of infection 

mRNA  messenger ribonucleic acid 

NA Numerical aperture 

OD600 Optical density at 600 nm 

OM Outer membrane 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

RuBisCo Ribulose-1,5-bisphosphate carboxylase/oxygenase 

SDB-RPS Styrenedivinylbenzene-reverse phase sulfonate 

SIM Structured illumination microscopy 

Sec General secretory pathway 

sgRNA small guide ribonucleic acid 

SNSF Swiss National Science Foundation 

T1SS Type I secretion system 

T2SS Type II secretion system 

T3SS Type II secretion system 

T4SS Type III secretion system 

T5SS Type V secretion system 

T6SS Type VI secretion system 

T7SS Type VII secretion system 

T8SS Type VIII secretion system 

T9SS Type IX secretion system 

TFA Trifluoroacetic acid 

TPase Transpeptidase 

TPP Threonine phosphorylation pathway 
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Abstract

Bacteria need to deliver large molecules out of the cytosol to the extracellu-
lar space or even across membranes of neighboring cells to influence their
environment, prevent predation, defeat competitors, or communicate. A va-
riety of protein-secretion systems have evolved to make this process highly
regulated and efficient. The type VI secretion system (T6SS) is one of the
largest dynamic assemblies in gram-negative bacteria and allows for deliv-
ery of toxins into both bacterial and eukaryotic cells. The recent progress in
structural biology and live-cell imaging shows the T6SS as a long contrac-
tile sheath assembled around a rigid tube with associated toxins anchored to
a cell envelope by a baseplate and membrane complex. Rapid sheath con-
traction releases a large amount of energy used to push the tube and toxins
through the membranes of neighboring target cells. Because reach of the
T6SS is limited, some bacteria dynamically regulate its subcellular localiza-
tion to precisely aim at their targets and thus increase efficiency of toxin
translocation.
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1. T6SS MODE OF ACTION

The bacterial typeVI secretion system (T6SS) shares its evolutionary origin with contractile phage
tails and other extracellular contractile protein-translocation nanomachines such as R-type py-
ocins (8, 45, 49, 72, 73). The T6SS apparatus is composed of 13 core proteins, with a set of reg-
ulatory and accessory proteins for specialized functions (11). The whole T6SS was visualized in
bacteria by cryo–electron tomography (ET) (7, 21), which shows that the T6SS is tethered to the
cell envelope by a membrane complex (30), a platform for assembly of a phage-like baseplate with
a central spike and effectors (24, 66, 69). Baseplate assembly initiates copolymerization of a con-
tractile sheath around a rigid inner tube (92, 100). Upon an unknown signal, the long spring-like
sheath quickly contracts, starting likely from the baseplate and progressing to the distal end. This
physically pushes the inner tube and spike with effectors out of the cell and through themembrane
of a neighboring cell (26, 47, 100) (Figure 1; Supplemental Movie 1).

An important advantage of the T6SS mode of action is that the sheath contraction releases a
large amount of energy that can be used to penetrate physical barriers. Single-sheath contraction,
which happens in less than 2 ms (99), could release the same amount of energy as the conversion
of 1,000 molecules of ATP to ADP (100). While effector delivery to gram-positive bacteria has
not been reported so far, the T6SS can deliver large hydrophilic effectors across target eukaryotic
membranes, bacterial outer membranes, and even two membranes and the peptidoglycan layer of
gram-negative bacterial cells (98). The T6SS mode of action also has significant drawbacks. Most
T6SS substrates are secreted by binding to the spike components, and thus with every firing of
T6SS only a few copies of the cargo proteins are secreted (25, 72, 89). In addition, even the most
active bacteria fire the T6SS only approximately once per minute (6, 7, 14, 30, 38, 68, 78, 85).
The extended sheath is assembled around the inner tube, which is mostly lost upon firing and has
to be resynthesized (100, 92). Furthermore, the contracted sheath cannot be directly used for a
new assembly, and the sheath subunits have to be unfolded by a dedicated ATPase (ClpV or ClpB)
(6, 10, 14). Finally, since T6SS substrates are directly pushed across the target membrane by the
tube, the T6SS has a limited reach and proteins can be delivered only if the target cell is in close
proximity and the T6SS fires in the right direction (5, 41, 98).

Here, we review recent insights into the structure and assembly of the T6SS and the mech-
anisms that evolved in certain bacteria to dynamically localize the T6SS to minimize costs and
increase efficiency of toxin translocation and target-cell killing.
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TTssssMMcctteerrmm??
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b c

Unfolding by ClpV

Figure 1

Overview of T6SS assembly and mode of action. (a) The T6SS consists of a membrane complex (blue), a
baseplate assembled around a central spike (yellow), and a contractile sheath wrapping around a rigid tube
(green). The distal end of the sheath is capped (red). Upon activation, the membrane complex opens up to
allow the passage of spike and tube. The baseplate reorients to trigger contraction, and the tube is pushed
out of the cell by the contracting sheath. The contracted sheath is unfolded by ClpV. (b) The T6SS in the
prefiring state. Membrane complex: TssJ/TssL/TssM in the closed state (EMD-0265, PDB 3U66). Baseplate:
PAAR (PDB 4JIV), VgrG (PDB 6H3L), TssK, TssF/TssG (PDB 6GIY and 6N38), and TssE (PDB 6GJ1).
Extended sheath: TssB/TssC. The tube: Hcp (PDB 5MXN). The sheath-tube complex and the spike are
modeled by fitting atomic structures to the EM map of the T6SS baseplate of Vibrio cholerae (EMD-3879).
The wedge of the T6SS in the prefiring state was modeled by fitting the core bundle of TssF/TssG to the T4
phage extended baseplate gp6/gp7 core-bundle (PDB 5IV5). The composite structure is superimposed with
the subtomogram average of T6SS inMyxococcus xanthus (EMD-8600). (c) Both the membrane complex
and the baseplate undergo significant reorientation to allow the passage of the tube. After contraction, the
sheath exposes the surface domain to recruit ClpV (modeled based on ClpB EMD-3776). Abbreviations:
EM, electron microscopy; EMD, Electron Microscopy Data Bank ID; IM, inner membrane; OM, outer
membrane; PAAR, proline, alanine, alanine, arginine; PDB, Protein Data Bank ID.
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2. T6SS STRUCTURE AND ASSEMBLY

2.1. Membrane Complex

The membrane complex is composed of three proteins, TssJ, TssL, and TssM.TssJ is a lipoprotein
anchored to the outer membrane (OM) by N-terminal cysteine acylation (3). The protein itself
is confined within the periplasm and folds as a β sandwich resembling transthyretin with an ad-
ditional helical domain and a protruding loop (L1–2 loop) (32, 75, 79) (Figure 2a). The helical
domain stabilizes TssJ, and the L1–2 loop interacts with TssM (32).TssJ is required for assembly of
the other membrane complex components TssL and TssM (30); however, the high-order assembly
of TssJ seems to be driven by TssM (Figure 2b,c) (76).

TssM was early identified as a T4SS IcmF-like protein (4, 19, 59). The N terminus of TssM
is flanked by transmembrane helices and forms a large cytosolic domain with NTPase activity

TssETssK

TssL

TssM
IM

IM

C

TssL

C

L1–2 loop

TssL

TssJ

TssM

TssJ

5-fold axis

OM

OM

C?

TssJ
N

TssMcyto

TssMperi

PG-binding
domain

d

TssM constriction site

OM

IM

a

e

b

f

c

Figure 2

Membrane complex structure. (a) TssJ is anchored to the OM by N-terminal acylation. The L1–2 loop (red)
is required for TssM binding. (b) Fifteen copies of TssJ (PDB 4Y7O) molecules cap the top of the membrane
complex, with three copies of TssJ on top of each pillar-like TssM dimer. Adjacent TssJ trimers do not make
contact for the fivefold oligomerization. (c) TssM dimers oligomerize in the periplasm. Cross section of the
TssM pillars shows the periplasmic gate. Five pairs of TssM pillars form a narrow central channel with
minimal pore size less than 5 Å. (d) TssM anchors to the IM by three N-terminal transmembrane helices.
The TssM cytosolic domain is modeled after NTPase-like domain EngB (PDB 4DHE) followed by a helical
extension modeled after DPY-30 (PDB 3G36) as described in Reference 56. The periplasmic domain of
TssM carries a putative peptidoglycan-binding motif, modeled after the OmpA domain (5U1H), followed by
a long helical domain traversing the entire periplasm. The very C terminus of TssM (red) may extend to the
extracellular space in the native membrane complex. Each TssM pillar consists of two copies of TssM (blue
and gray). A full-length model of TssM is shown for the blue copy only. (e) The cytosolic domain of TssL
(PDB 3U66) anchors to the IM by a C-terminal transmembrane helix. The transmembrane helix is
responsible for dimerization, and the cytosolic domain interacts with both the baseplate (red loop interacts
with TssE, green loop interacts with TssK) and TssM (central cleft). ( f ) Cryo-EM density of the full
transenvelope complex (EMD-0265) accounting for the density of TssJ and the helical domain (residues
569–1129) of the enteroaggregative Escherichia coli TssM periplasmic domain (residues 382–1129). TssL is
positioned in the cytoplasmic side of the complex. Abbreviations: EM, electron microscopy; EMD, Electron
Microscopy Data Bank ID; IM, inner membrane; OM, outer membrane; PDB, PDB, Protein Data Bank ID;
PG, peptidoglycan.
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in some organisms (60) (Figure 2d ). The C-terminal domain traverses the entire periplasm
and reaches the OM by contacting TssJ (30). This periplasmic domain has an OmpA-like
peptidoglycan-binding motif and oligomerizes as the core of the membrane complex (4, 76, 104).
Density corresponding to the OmpA-like domain is missing in the membrane complex in situ
cryo-ET structure, indicating that it is rather flexible compared to the rest of the membrane
complex (76). The very C terminus of TssM is exposed on the cell surface, and part of the
TssM β-stranded domain can breach the OM transiently during T6SS firing (30). In the recent
membrane complex structure, the TssM C-terminal extremity folds within the periplasm domain
as an α helix that connects to the rest of the TssM by a 20-amino-acid-long linker (76). The TssM
C terminus may extend outside of the cell in the native state and thus be responsible for sensing
environmental clues to activate the T6SS assembly.

TssL is an inner membrane (IM) protein homologous to IcmH (DotU) of the T4bSS (31).
Its function requires dimerization controlled mainly by the N-terminal transmembrane segment.
The TssL cytosolic domain is necessary for interactions with the baseplate as well as the mem-
brane complex (Figure 2e), and substitutions in loops and cleft of this domain abolish the TssF
binding (31, 108). The baseplate-binding loops are not conserved among the TssL proteins and
may determine specificity during T6SS assembly in the organisms encoding several T6SSs (31).

Overexpression of Escherichia coli [enteroaggregative E. coli (EAEC)] TssJ, TssM, and TssL al-
lowed in situ visualization of the membrane complex by cryo-ET (Figure 2f ); however, TssL was
poorly resolved and thus its exact orientation remains unclear. A Y-shaped core of the membrane
complex spanning the periplasm is flanked by a cap embedded in the OM and a base embedded
in the IM (76). Interestingly, cryo-ET and single-particle analysis of the EAEC T6SS membrane
complex revealed a fivefold symmetry structure. This is in contrast to the rest of the T6SS appara-
tus,which follows a C6 symmetry [except C3 for VgrG andC1 for PAAR (proline, alanine, alanine,
arginine)]. Therefore, this symmetry mismatch will have to be resolved between TssL/TssM and
the binding partners in the baseplate, such as TssK. This might require more flexible binding sites
and might explain why the cytoplasmic part of the complex shows heterogeneous density that
fails to yield any consensus structure upon averaging. Alternatively, assembly of the membrane
complex with C6 symmetry might be facilitated by a scaffold protein or chaperone-like activity
of other T6SS components such as TssA, which were absent in the E. coli strain overexpress-
ing TssJ/TssL/TssM (76, 104, 112). The in situ structure of the membrane complex is likely in a
closed conformation, since the periplasm channel is constricted by a TssM loop protruding into
the central lumen (Figure 2c) (76, 104). This constriction could be displaced by a TssM confor-
mational change triggered by movement in the baseplate during initiation of sheath contraction
or it could simply be forced open during tube/spike secretion through the membrane complex
(30).

2.2. Baseplate Structure

Similarly to the baseplates of contractile phages, the T6SS baseplate comprises a central hub sur-
rounded by six wedges (Figure 3a). It initiates the assembly of the Hcp tube and sheath in an
extended high-energy state, and change in baseplate structure is likely required for triggering
sheath contraction (24, 50, 66, 69). The central hub is made of a trimeric VgrG, which connects
the wedges and initiates Hcp tube assembly. The base of the VgrG structure has a similar fold as
an Hcp dimer (49). Therefore, a VgrG trimer with a pseudohexameric structure provides a plat-
form to seed Hcp polymerization (77). Several loops of Hcp absent from X-ray structures become
ordered in the Hcp tube (100). These unstructured regions could be preventing Hcp stacking
but may readily fold and initiate polymerization when initiator complex is bound (VgrG, TssE,
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Figure 3

Baseplate structure. (a) The T6SS prefiring baseplate is modeled after the T4 phage baseplate in the
preattachment state (EMD-3374). Both baseplates use a three-helix core-bundle motif for wedge assembly
and its attachment to the central hub. The T6SS is modeled by matching the (TssF)2/TssG core bundle to
the (gp6)2/gp7 core bundle. (b) Atomic structure of the T6SS wedge (one TssE and one TssG and two TssF
and two TssK trimers). TssK trimers attach to hydrophobic TssG loops (highlighted blue surface). The head
domain of TssK (green) is flexible. Two copies of TssF (tan and gray) encircle the TssG (red). The TssE
attaches to the rest of the wedge by interacting with the core bundle (inset), which comprises three helices
from the N termini of TssF and TssG.

and sheath). The needle domain of T6SS VgrG lacks a sharp point for membrane piercing (91);
however, this blunt end binds a small protein with a characteristic PAAR domain sequence. The
VgrG/PAAR complex then serves as a docking structure for many effectors that may require help
of chaperones or adaptor proteins to assemble (9, 16, 52, 74, 96). Diversity of effectors and their
functions was reviewed elsewhere (1, 53).

The wedge of T6SS contains TssE/TssF/TssG/TssK at 1:2:1:6 stoichiometry (24, 69)
(Figure 3b). TssE is a universally conserved gp25-like protein in contractile injection systems
(50, 57) resembling the handshake domain of TssB/TssC (see below) and was suggested to play an
important role in the initiation of sheath assembly to the extended state. Somewhat surprisingly, a
tssE-negative strain of Vibrio cholerae assembles functional T6SS, albeit at a much lower frequency
(7, 98). Whether another protein can complement the absence of TssE is unknown.

TssF folds as a three-domain wing-like structure (24, 69). Two TssF molecules within a single
wedge interact with a conserved EPRmotif of TssE (93) and TssG (24, 69). TssG has a fold similar
to that of TssF, except it lacks the large TssF central wing-like domain. TssG also features two
TssK-binding loops that are absent in TssF (Figure 3b) (24, 69). The C-terminal fold of TssG can
be superimposed with the TssF C-terminal domain, suggesting that these proteins evolved from
a common ancestor by gene duplication (69). (TssF)2/TssG heterotrimer is tightly interdigitated.
Their N-terminal domains form a three-helix bundle resembling the core bundle of phage T4,
and their C-terminal domains form a triangular core resembling the T4 trifurcation unit (69, 93)
(Figure 3b).

In phage T4, a LysM-domain-containing protein gp53 functions as an interwedge clamp that
joins the wedges into the baseplate (2). The T6SS lacks gp53 orthologs, maybe to allow quick
baseplate disassembly upon sheath contraction. It is unclear what triggers and stabilizes the as-
sembly of six wedges around the central hub. It could be interaction with the membrane complex
or in some cases even be facilitated by additional proteins such as TssA of Pseudomonas aeruginosa
(71).

Unlike other T6SS baseplate components, which share common evolutionary origin with con-
tractile phages (12, 66), TssK is clearly a homolog of the receptor-binding protein (RBP) from
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noncontractile phages (67). The main difference between TssK and phage RBP lies in the C-
terminal head domain that recognizes the binding partner. Based on the isolated wedge structure,
each wedge complex contains two TssK trimers attaching to one of the two extended loops of
TssG (Figure 3b) (24, 69). The conserved loops of TssG interact by complementary surfaces with
the hydrophobic N termini of TssK. Binding of TssK to TssG is reminiscent of the attachment ob-
served for RBP to phage baseplates, such as in TP901–1 (97) and P2 (87). TssK plays a central role
in T6SS assembly by docking the baseplate to the membrane complex as it interacts directly with
cytosolic domains of TssL and TssM (110). The self-association of TssM and TssL as a dimer is
critical for T6SS function (24, 31, 109), suggesting that matching dimers of TssK and TssL/TssM
mediate the baseplate-to-membrane-complex interaction. TssK trimer is mobile relative to the
(TssF)2/TssG module, as revealed by cryo–electron microscopy (EM) (69). One can envision that
TssK detects the mechanical distortion from the membrane complex undergoing conformational
change and propagates it to downstream baseplate components. The resulting reorganization of
the baseplate eventually leads to sheath contraction. Alternatively, cytosolic signaling pathways or
interactions with other proteins might modulate the affinity of TssK to the membrane complex
and thus precisely control the timing of T6SS assembly or contraction.

2.3. Tube-Sheath Complex

During T6SS assembly, sheath subunits (TssB/TssC) polymerize in a metastable, extended state
that requires the presence of baseplate and tube (Hcp). Contraction of the sheath provides energy
to push and rotate the inner tube out of the bacterial cell envelope for effector delivery. The struc-
tures of contracted T6SS sheath from several bacteria have been determined by cryo-EM (26, 47,
81).Despite sequence variations, the overall structure and the assembly of the T6SS sheath is con-
served (Figure 4b,d ). Each sheath subunit consists of two proteins, TssB (VipA) and TssC (VipB),
which fold into three domains (Figure 4a). Domains 1 and 2 of the sheath subunit are similar
to those of other contractile injection systems, and they connect sheath subunits as a meshwork
(12). However, the third α-helical domain inserted into domain 2 is T6SS specific. Domain 3 as-
sembles from the TssB C terminus and TssC N terminus, which includes the ClpV-binding site
(47).

To obtain a structure of the extended sheath, a noncontractile sheath was generated by elongat-
ing the TssB linker, allowing an aberrant connectivity of the sheath meshwork and preventing its
contraction during purification from cells (Figure 4a,c) (13). This noncontractile sheath contains
a wild-type Hcp tube, which is made of stacked Hcp hexamers following the helical symmetry
of the extended sheath. The free solvation energy stabilizing the Hcp tube is weaker compared
to tubes of T4 phage and R-type pyocin (100), which may explain why the Hcp tube was never
isolated and apparently disassembles after secretion out of cells (92).

Comparison of the extended T6SS tube-sheath complex with the contracted sheath suggests a
mechanism by which sheath contraction is coupled to the translocation of the inner tube. Upon
contraction, the sheath expands radially to release theHcp tube and compresses along the long axis
to push the tube forward. The difference in the helical parameters of the extended and contracted
sheath shows that T6SS functions as a powerful drill. Contraction of a 1-μm-long sheath would
push the Hcp tube by 420 nm and rotate it by 4.2 turns within a few milliseconds (47, 99, 100).

Importantly, domain 3 is folded on the surface of the extended sheath, making the ClpV-
binding site on TssC inaccessible (70, 100) (Figure 4e, f ). During sheath contraction domain 3
becomes unstructured to allow ClpV binding and specific refolding of the contracted sheath (6).
ClpV is a hexameric AAA+ ATPase that pulls on the exposed N terminus of TssC and releases it
from the contracted sheaths to replenish the pool of sheath subunits for new rounds of assembly
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Figure 4

Structure of the sheath and tube. (a) In the extended state (top view, single ring), the sheath protomer (TssB
and TssC, light blue and dark blue) contacts Hcp (gray) with a C-terminal helix (yellow) of TssC. Sheath subunit
connection is accomplished by interwoven domain 1. The ClpV-binding site (purple) of TssC is tucked inside
domain 3 on the sheath surface. (b) Upon contraction, the sheath protomer rotates and detaches from the
Hcp tube (top view, single ring). The ClpV-binding site is exposed for ClpV docking. In some T6SSs, the N
terminus of TssB engages TagJ to facilitate ClpV association. (c,d) The side views of three rings of the sheath
in extended and contracted states. (e) Two rings of Hcp with one sheath protomer. The unstructured loops
(residues 50–63, 129–139) and C terminus (166–172) (dark green) become ordered once they stack into a
functional tube. One Hcp is colored yellow to show the helical packing. The domain 3 (black circle) of the
extended sheath shields the ClpV-binding site of TssC. ( f ) Structure of the ClpV N terminus (PDB 3ZRJ)
binding to the TssC positioned in the same orientation as in panel e. Abbreviation: PDB, PDB, Protein Data
Bank ID.

(6, 10, 70). In Francisella novicida, where a canonical ClpV is missing, the contracted sheath of
T6SS is disassembled by a general-purpose unfoldase ClpB (14). Several recent structures of ClpB
have demonstrated a general mechanism by which unfoldase couples sequential ATP hydrolysis
to substrate threading during disaggregation (27, 36, 105). Interestingly, in some organisms like
P. aeruginosa, an additional protein, TagJ, was shown to interact with both the sheath (TssB) and
ClpV; however, the exact role of TagJ is unclear, as its deletion has no obvious influence on T6SS
activity (33, 58) (Figure 4b).
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2.4. TssA and TagA Proteins

Proteins possessing a conserved N-terminal ImpA_N region are considered members of the TssA
family. The C-terminal sequences of TssA are highly diverse, dividing members of TssA into
separate classes with different functions and localization (29, 71, 111). P. aeruginosa TssA interacts
with baseplate components, ClpV and TagJ (71), whereas Burkholderia cenocepacia TssA (29) and
E. coliTssA (111) interact with the baseplate, themembrane complex, and the sheath-tube complex.
In addition, E. coli TssA was shown to coordinate copolymerization of the sheath and tube (111).
The overall architecture of the TssA-assembled complexes varies depending on the TssA class and
may be a 5-fold-symmetry decamer, a 6-fold-symmetry dodecamer, or a 16-fold-symmetry 32-mer
(29, 71, 111). Interestingly, another N-terminal ImpA-domain-containing protein is membrane-
associated TagA, which arrests sheath polymerization and stabilizes the extended sheath (83, 92).

3. SUBCELLULAR LOCALIZATION OF T6SS ASSEMBLY

Regulation of T6SS activity mainly involves regulation of expression of the T6SS genes on a
transcriptional or posttranscriptional level as a response to diverse environmental stimuli (23, 46,
51, 61). Interestingly, live-cell imaging of TssB or ClpV dynamics showed that bacteria have dif-
ferent T6SS assembly patterns and may dynamically localize the T6SS within the bacterial cell.
V. cholerae and Acinetobacter baylyi build several T6SS sheaths per cell and fire constantly in ap-
parently random directions (6, 78). EAEC repeatedly assembles the Sci-1 T6SS at one or two
apparently random positions within the cell (30). P. aeruginosa assembles one of its three T6SS
within seconds of an attack from other bacteria at the site of the inflicted damage to quickly retal-
iate (5). The majority of Serratia marcescens cells assemble one T6SS sheath at random positions
in the cell; however, they rely on regulated T6SS assembly for efficient killing of prey cells (38,
68). In addition, intracellular pathogens F. novicida and Burkholderia thailandensis assemble their
antieukaryotic T6SS on the poles (14, 85).

3.1. Threonine Phosphorylation Pathway Mediates T6SS Repositioning

The first example of posttranslational regulation of T6SS assembly by a threonine phosphory-
lation pathway (TPP) was described in P. aeruginosa (64). Later, TPPs were shown to regulate
initiation and positioning of T6SS assembly in several organisms (5, 35, 54, 68) (Figure 5). TPPs
have a sensor module that senses a signal and activates a kinase (PpkA). An activated kinase then
phosphorylates a target protein, which in turn initiates T6SS assembly. Finally, a phosphatase
(PppA) dephosphorylates the target protein and thus prevents further T6SS assembly initia-
tion. P. aeruginosa cluster H1-T6SS encodes a complete TPP with a sensor module composed of
TagQ/TagR/TagS/TagT; a kinase PpkA phosphorylating Fha; and a cognate phosphatase, PppA.
Other species like S. marcescens and Agrobacterium tumefaciens possess only PpkA, PppA, and Fha.
In addition, T6SS assembly in these three organisms is blocked by TagF, and deactivation of TagF
can trigger T6SS assembly in a TPP-independent manner (54, 55, 68, 90).

3.1.1. Signal sensing and kinase activation. The sensor module TagQ/TagR/TagS/TagT in
P. aeruginosa was shown to be required for sensing T6SS attacks from either sister cells or other
bacteria as well as cell envelope stress induced by polymyxin B, the type 4 secretion system, chela-
tion of ions, or extracellular DNA (5, 6, 40, 102). Lipoprotein TagQ with a conserved lipobox
is anchored to the periplasmic side of the OM and binds periplasmic TagR (18). Interaction of
TagR with the periplasmic domain of PpkA might result in activation of its kinase activity (42).
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Figure 5

Posttranslational regulation of T6SS activity. (a) In Pseudomonas aeruginosa (purple), membrane damage (lightning bolt) leads to activation
of PpkA by TagQ/TagR/TagS/TagT and to phosphorylation of Fha. Phosphorylated Fha multimerizes and promotes T6SS assembly.
PppA dephosphorylates Fha and stops T6SS assembly. TagF represses T6SS activity independently of the threonine phosphorylation
pathway by interacting with Fha. (b) In Serratia marcescens (yellow), PpkA interacts with RtkS and subsequently phosphorylates Fha,
which multimerizes and activates T6SS assembly. PppA dephosphorylates Fha and thus blocks T6SS activity. TagF blocks T6SS
activity, likely by acting on the membrane complex. (c) In Agrobacterium tumefaciens (green), PpkA phosphorylates TssL, which triggers a
conformational change in TssM and ATP hydrolysis. Binding of Fha to phosphorylated TssL induces T6SS activity. TagF-PppA blocks
T6SS activity by interaction with Fha. Abbreviations: IM, inner membrane; OM, outer membrane; PG, peptidoglycan.

This suggests that TagQ might be sequestering TagR to the OM to prevent its binding to PpkA
and thus T6SS activation; however, TagQ likely has an additional role since deletion of either
TagQ or TagR prevents T6SS assembly (18).

The components TagS and TagT form a putative ABC transporter with homology to the Lol
complex, which transports lipoproteins (65). TagS forms an integral membrane protein with a
long periplasmic loop, and TagT is an ATPase and contains Walker A and B motifs, which are
required to hydrolyze ATP in vitro (18). TagS or TagT is required for full T6SS activation (5, 18);
however, despite homology to the Lol complex, it is unclear whether TagS and TagT transport
any substrates. An obvious candidate would be TagQ or TssJ; however, deletion of TagS and TagT
does not seem to alter their membrane localization (18).

In S. marcescens, periplasmic RtkS (regulator of T6SS kinase in Serratia) was shown to be re-
quired for efficient killing of prey cells but dispensable for T6SS activity in liquid culture. Signals
sensed by RtkS are unknown, and it is also unclear whether RtkS directly interacts with PpkA;
however, deletion of rtkS resulted in destabilization and degradation of PpkA (68).

The serine/threonine kinase PpkA is an IM protein with a periplasmic domain and cytosolic
kinase domain. PpkA may be activated by interaction with a periplasmic protein (e.g., TagR) that
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results in PpkA dimerization. The PpkA dimer autophosphorylates and activates T6SS assem-
bly by phosphorylating a T6SS component (35, 42, 55, 63, 64). While the kinase domain is con-
served, the structure of the periplasmic domain differs between S.marcescens and P. aeruginosa (35).
This is likely because each PpkA responds to a different signal and binds a different periplasmic
protein.

3.1.2. Activation of T6SS assembly by protein phosphorylation. In both P. aeruginosa and
S. marcescens, activated PpkA phosphorylates Fha, which likely recognizes phosphorylated PpkA
via its forkhead-associated (FHA) domain, known to bind phosphopeptides (64). However, it is
unclear how phosphorylation of Fha promotes T6SS assembly (42, 64, 68). Interestingly, Fha
forms foci in P. aeruginosa independently of its phosphorylation status (64); however, membrane-
anchored PpkA is still required for formation of these foci (42). This suggests that PpkA might
have an additional structural role in Fha foci formation and T6SS assembly initiation. In P. aerugi-
nosa, Fha phosphorylation is increased when cells are incubated on a solid surface, suggesting that
cell-cell interactions result in PpkA activation (18). This activation might be a consequence of
T6SS dueling between sister cells (6). In contrast, the majority of Fha in S. marcescens is phospho-
rylated also in liquid culture, where there are minimal or no cell-cell interactions (35).

In A. tumefaciens, PpkA phosphorylates the membrane complex component TssL, leading to a
conformational change in TssM (55). TssM is an IM ATPase with Walker A and B motifs, and the
conformational change triggers ATP hydrolysis. However, TssL-TssM interaction is independent
of ATPase activity of TssM (60). Phosphorylated TssL interacts with Fha, and the Fha-pTssL
complex promotes recruitment of secretion substrates Hcp and effector Atu4347 to TssL (55). It
is unclear how ATPase activity of TssM is involved in recruiting the secreted proteins and whether
formation of this complex requires additional proteins (55, 60). TssM of P. aeruginosa, V. cholerae,
and Edwardsiella tarda also contains Walker A and B motifs (60); however, ATP hydrolysis does
not seem to be important for T6SS activity in E. tarda (107).

An interesting case is Vibrio alginolyticus, which uses the TPP of its second T6SS cluster to
regulate T6SS assembly as well as gene expression.As inA. tumefaciens, PpkA phosphorylates TssL,
which results in binding of Fha and an increase in T6SS activity. In addition, PpkA phosphorylates
a non-T6SS substrate, VtsR. Phosphorylated VtsR activates LuxO and subsequently promotes
expression of T6SS-2 and quorum sensing (103).

3.1.3. T6SS assembly deactivation. In P. aeruginosa and S. marcescens, phosphatase PppA is re-
sponsible for dephosphorylation of Fha and thus shutting downT6SS activity. Since T6SS activity
is low in P. aeruginosa, deletion of PppA results in an increase of T6SS activity and Hcp secretion
(5, 18, 42, 64).However, in S.marcescens, deletion of PppA does not increaseHcp secretion in liquid
medium, suggesting that the system is already at maximum activity. Interestingly, in both species,
pppA deletion strains repeatedly assemble T6SS at the same location within the cells for several
rounds of firing (5, 68). This has a major consequence for interaction with competing bacteria,
because a P. aeruginosa pppA-negative strain cannot distinguish between T6SS-positive attackers
and T6SS-negative bystander cells and kills both to a similar extent. Importantly, the killing rate
of T6SS-positive attackers by a pppA-negative strain is low, even though a pppA-negative strain
secretes significantly more effectors than the wild-type strain (5, 40). A similar observation was
also made for S. marcescens, where a pppA-negative strain kills prey cells poorly despite high T6SS
activity (35, 68). This suggests that PppA activity is important to preventing excessive firing of
T6SS in one direction and by stopping the assembly allowsT6SS to reposition to a new subcellular
location upon sensing a signal, which in turn is required for efficient killing of target cells.
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3.2. TPP-Independent Regulation

In addition to the TPP, TagF regulates T6SS assembly in P. aeruginosa and S. marcescens, by a
poorly understood mechanism. For P. aeruginosa, it was shown that TagF sequesters Fha to pre-
vent T6SS assembly (54), and indeed, deletion of TagF activates T6SS even in the absence of
TagQ/TagR/TagS/TagT and PpkA (90). Importantly, even strains lacking TPP, likeV. cholerae, also
require Fha for T6SS activity, suggesting that Fha is an important scaffold protein for assembly
of other T6SS components (106). Similarly to the case of P. aeruginosa, when tagF is deleted in the
ppkA-negative strain of S. marcescens, T6SS assembly is restored. It is, however, unclear whether
TagF interacts with Fha or other T6SS components.

In A. tumefaciens, TagF and PppA are fused into a single polypeptide; however, both indepen-
dently block T6SS activity (54, 55). The TagF domain binds Fha; however, this seems insufficient
to prevent T6SS assembly, as a TagF domain mutant, which is still able to bind Fha, loses its ability
to repress T6SS activity. This suggests that the TagF domain is also involved in Fha-independent
repression (54). Similarly to the case of S. marcescens, efficiency of target-cell killing is decreased
in the absence of PpkA and TagF-PppA even though the overall T6SS activity remains high (54),
suggesting that TPP components and TagF are important for sensing prey cells and/or reposi-
tioning the T6SS apparatus.

3.3. Regulation of T6SS Localization by Peptidoglycan-Cleaving Enzymes

Many cell envelope–spanning complexes, like flagella, the T3SS, or the T4SS, require specialized
lytic transglycosylases for insertion into the peptidoglycan layer (28, 84, 95). Interestingly, two
dedicated peptidoglycan-cleaving enzymes were shown to be required for T6SS assembly, and
thus their control in response to certain signals or stimuli might, in principle, allow for dynamic
localization of T6SS assembly. EAEC requires the general lytic transglycosylase MltE to insert
membrane complexes of the Sci-1 T6SS.The lipoprotein MltE is located at the OM and interacts
with the periplasmic domain of TssM. How MltE is activated by TssM and whether additional
components are required is unknown (82). InAcinetobacter, the l,d-endopeptidase TagX is encoded
in the T6SS cluster and is required for T6SS activity (78, 101). Since T6SS assembles at low
frequency also in a tagX-negative strain, it is likely that additional mechanisms allow for assembly
initiation or peptidoglycan cleavage and that TagX is only required for integration of the T6SS
apparatus into the peptidoglycan layer and not for T6SS function (78).

3.4. Polar Localization of T6SS

Polar localization is a potential mechanism for bacteria to coordinate function of multiple protein
complexes, such as pili, flagella, or secretion systems. Positioning of macromolecular assemblies on
the bacterial pole is achieved by several distinct mechanisms, some of which are well understood
(48). Strikingly, polar localization was shown for almost all types of secretion systems, most of
which are required for host-pathogen interactions (17, 20, 22, 43, 44, 62, 80, 88). Polar localization
of the T4SS is achieved by positioning of DotU and IcmF, homologs of the T6SS proteins TssL
and TssM, and this is required for successful effector translocation and progression of infection
in Legionella pneumophila (39, 44). In addition, secretion of typhoid toxin from Salmonella enterica

serovar Typhi requires localized cleavage of peptidoglycan, which is specifically edited on the
bacterial pole to contain ld-cross-links (37).

B. thailandensis and F. novicida were shown to assemble a polarly localized T6SS required
for host-pathogen interactions (14, 85). B. thailandensis T6SS-5 is required for formation of a
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multinucleated giant cell (34, 85, 86, 94), while F. novicida requires the T6SS for phagosomal es-
cape and assembles one polar T6SS per cell in vitro and inside macrophages (14, 15). For the
T6SS, sheath length defines the reach of T6SS attack, as the sheath contracts to half of its ex-
tended length (7). Therefore, polar T6SS assembly might allow assembly of longer sheaths in
rod-shaped bacteria and thus increase efficiency of effector delivery. In the case of F. novicida it
would be delivery across a phagosomal membrane, and in the case of B. thailandensis it would be
the ability to induce membrane fusion of neighboring host cells.However, polar localization could
also be required for coordination with other polarly localized complexes such as adhesins or pili
to bring the target membrane closer to the bacterial cell and thus facilitate protein translocation
by the T6SS.

4. CONCLUDING REMARKS

Tremendous progress has been achieved in understanding the mode of action of the T6SS;
however, it is clear that there are still many open questions that need to be solved. We need an
atomic model of the whole assembly; however, since the T6SS is both dynamic and regulated, we
also need to solve high-resolution structures of the individual steps of the assembly process. This
will be challenging especially for the membrane complex but also for the transient complexes
forming, for example, during sheath-tube copolymerization. Since live-cell imaging shows that
T6SS localization and assembly dynamics can vary significantly between species or under various
conditions, more effort will have to be devoted to the accessory proteins, which are in some
bacteria required for aiming of the T6SS. This will certainly reveal novel fascinating mechanisms
of dynamic localization of proteins within bacterial cells, which will have implications reaching
beyond the T6SS field.
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