
 

Antibacterial effectors of the type VI secretion system 

 

 

Alistair Brian Russell 

 

 

A dissertation  

submitted in partial fulfillment of the  

requirements for the degree of 

 

 

Doctor of Philosophy 

 

University of Washington  

2014 

 

Reading Committee: 

 Joseph D. Mougous, Chair 

 Caroline S. Harwood,  

John A. Leigh 

 

 

 

Program Authorized to Offer the Degree:  

Microbiology 



 

©Copyright 2014 
Alistair Brian Russell 

  



 

University of Washington 
 

Abstract 
 

Antibacterial effectors of the type VI secretion system 
 
 

Alistair Brian Russell 
 
 

Chair of the Supervisory Committee: 
Professor Joseph D. Mougous 

Microbiology 
 
 
With the advent of high-throughput culture-independent sequencing it has become increasingly 

apparent that bacteria often live in complex communities, both in the environment and in 

association with the human body. Moreover, in polymicrobial settings there is often fierce 

competition for both space and resources, the results of which can have drastic effects on 

community composition. The evolutionary pressure exerted by competition is reflected by the 

significant portion of the coding capacity of many bacterial genomes dedicated to the production 

and regulation of antagonistic pathways. One such pathway, the type VI secretion system 

(T6SS), has emerged as a mechanism mediating the delivery of potent antibacterial effectors 

between contacting Gram-negative bacteria, granting the attacking organism a fitness benefit 

over sensitive neighbors. Initial studies of interbacterial T6S provided evidence that this system 

plays an important role in antagonism, however its mechanism of action on recipient cells 

remained elusive. This thesis describes the first biochemical characterization of antibacterial 

T6SS effector proteins, finding that they compromise basal features of bacterial physiology such 

as cell envelope integrity. By targeting highly conserved processes the T6SS has the capacity to 

mediate antagonism between highly disparate organisms. The cost of such versatility is that 

bacteria are susceptible to their own T6SS effectors. In order to overcome this hurdle 



 

antibacterial effectors are invariably associated with cognate immunity proteins that prevent their 

toxicity, protecting the producing cell. Beyond initial biochemical characterization of 

antibacterial effector proteins, this work describes informatic efforts to identify substrates 

secreted by the interbacterial T6SS throughout sequenced bacterial genomes. This strategy 

uncovered highly divergent effector sequences comprising distinct families within superfamilies 

defined by a common enzymatic target. These divergent effectors not only exhibit distinct 

substrate specificities, but also vary in their capacity to be neutralized by different sets of 

immunity proteins. Lastly, our informatic efforts led to the discovery of antibacterial effector 

proteins in a phylum of Gram-negative bacteria not predicted to encode a T6SS, the 

Bacteroidetes. My work on this abundant environmental and human-associated phylum of 

bacteria has found that they possess a highly divergent T6S-like pathway, one that, like its 

Proteobacterial homolog, takes part in interbacterial antagonism. Together, these findings 

represent a significant advancement in the field of interbacterial T6S, and serve as a platform for 

further work defining the in situ benefit of this antagonistic pathway.
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CHAPTER I 

Introduction to the Gram-negative type VI secretion system 
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Bacteria rarely grow in isolation, and are instead often found in dynamic communities; taking 

part in complex mutualistic, commensal, and antagonistic interactions with other microbes. 

These relationships in turn can affect community composition and thus have both ecological 

ramifications as well as implications for human health. It has therefore become paramount to 

understand interbacterial relationships in order to fully appreciate the impact of human 

intervention on intact microbial communities and to better manipulate community dynamics in 

order to promote environmental and human health.  

 

One mechanism by which bacteria can influence their neighbors is through the delivery of toxic 

effector proteins by the Gram-negative type VI secretion system (T6SS) (1-5). Originally 

identified as a cluster of conserved genes containing distant orthologs to the T4S components 

DotU and IcmF, it was soon appreciated that the thirteen elements conserved between 

Proteobacterial T6SS-gene clusters define an evolutionarily distinct secretion system (6, 7). 

While a few early studies on the T6SS demonstrated that in a few organisms it, like the T3SS or 

T4SS, could target proteins to eukaryotic cells and thus play a direct role in virulence, for the 

most part research on this system identified cryptic phenotypes in processes such as biofilm 

formation that were unexplainable by host-cell targeting (8-13).  

 

A significant breakthrough was made with the observation that a T6SS encoded by the organism 

Pseudomonas aeruginosa could be utilized to deliver a cytotoxic protein, type VI secretion 

exported 2 (Tse2), to neighboring cells (14). As Tse2 is an antibacterial protein, P. aeruginosa 

prevents its own intoxication by a cognate immunity protein, type VI secretion immunity 2 

(Tsi2). The paradigm defined by these two proteins has revolutionized the study of the T6SS as 
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mediating interbacterial interactions, allowing for a more complete understanding of its adaptive 

benefit to the vast majority of organisms that possess this pathway.  

 

Gram-negative cell envelope 

In order to discuss the form and function of Gram-negative secretion systems it is important to 

elaborate upon the architecture of the Gram-negative cell envelope (Figure 1.1). Understanding 

the physiology of this structure is also integral to the study of interbacterial antagonism, as it is 

often a target of antibacterial strategies. Unlike most other organisms, Gram-negative bacteria 

possess a membrane external to the cytoplasmic membrane – granting them an additional 

compartment, the periplasm, as well as contributing to the envelope barrier against 

environmental stress. Significantly, the outer membrane protects the Gram-negative cell wall, 

located between the inner and outer membranes. This defense is lacking in Gram-positive 

organisms, explaining the greatly increased thickness and more extensive modification of cell 

wall architecture present in those lineages as compared to Gram-negative phyla (15). 

 

The cytoplasmic (inner) membrane consists of a phospholipid bilayer, and provides similar 

function to the sole cytoplasmic membrane found in other organisms. It is across this membrane 

that a proton-motive force is generated and transport systems such as the universally conserved 

Sec operate. The phospholipid composition of this membrane varies between bacteria and 

environmental conditions, however common phospholipids include phosphatidylserine, 

phosphatidylyglycerol, phosphatidylethanolamine, and cardiolipin (16, 17). These different 

headgroups affect the charge characteristics as well as the curvature of the bacterial membrane, 
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although unlike in eukaryotes there is no evidence to suggest that they function as specific 

signaling molecules.   

 

Beyond the inner membrane lies the periplasmic compartment. The periplasm contains many 

hydrolytic enzymes, processing larger substrates prior to their import across the inner membrane. 

Importantly, within the periplasm is the Gram-negative cell wall, comprised of the polymer 

peptidoglycan. Peptidoglycan consists of glycan strands with a disaccharide repeat unit of N-

acetylglucosamine and N-acetylmuramic acid connected by a β1,4 linkage. Connected to the C3 

carbon of N-acetylmuramic acid is a pentapeptide consisting of both L and D amino acids as well 

as an unusual amide linkage between the γ-carbon of D-glutamate and the L-stereocenter of 

meso-diaminopimelic acid (18).  This pentapeptide can participate in cross-links with 

neighboring gylcan strands, with energy provided for transpeptidation by the loss of the terminal 

amino acid of the pentapeptide. For strands not participating in crosslinks, specialized D,D 

endopeptidases cleave the terminal peptide of the pentapeptide, leaving the resulting tetrapeptide 

without a leaving group and thus unable to participate in transpeptidation. The resulting polymer 

forms a resilient meshwork that provides hydrostatic support and gives the cell shape. 

Additionally, due to the unusual linkages found in peptidoglycan this molecule is recalcitrant to 

hydrolysis by standard proteases and glycosylases, and specialized enzymes are involved in its 

remodeling (19). 

 

The last layer of the Gram-negative cell envelope is the outer membrane. Unlike the inner 

membrane, the outer membrane consists of an inner-leaflet phospholipid monolayer, and an 

outer-leaflet lipopolysaccharide (LPS) monolayer. The outer membrane is anchored to the 
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peptidoglycan cell wall covalently through Braun's lipoprotein and non-covalently through the 

outer membrane protein OmpA and the Tol-Pal system (15, 20). The externally-facing LPS 

forms a permeability barrier, protecting the cell wall from the activity of various bacteriolytic 

enzymes as well as preventing the uptake of a number of antibiotics. Modification of LPS also 

allows bacteria to escape immune detection, explaining the prevalence of Gram-negative 

organisms in close association with vertebrate hosts (21). This permeability barrier is a double-

edged sword, as while it protects Gram-negative bacteria it also prevents nutrient uptake and 

export of exoproteins. To solve the first problem, Gram-negative bacteria possess substrate-

specific channels allowing free diffusion into the periplasm as well as energy-dependent uptake 

across the outer membrane through interaction with the periplasm-spanning TonB protein – 

which transduces energy generated from proton-motive force across the inner membrane to the 

outer membrane (22). To address the second challenge, Gram-negative bacteria possess a 

number of specialized secretion systems. 

 

Gram-negative secretion systems 

The unique physiology of Gram-negative bacteria necessitates complex mechanisms of protein 

export. Unlike Gram-positive cells, Gram-negative bacteria cannot utilize the Sec pathway for 

secretion. Instead the Gram-negative Sec pathway serves to export proteins to the periplasm. 

However, to address this problem there are a number of evolutionarily and mechanistically 

distinct pathways for export from the Gram-negative cytoplasm to the extracellular space. By 

convention each newly identified system is ascribed an ascending numerical designation, with 

current nomenclature describing nine secretion pathways, the type I-IX secretion systems (T1-

9SS, although there are nomenclature disagreements with the T7SS and T8SS with one proposed 
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T7SS describing a system absent from Gram-negative bacteria) (23-30). Of these, the 

mechanisms of type I-VI are perhaps best understood. Interestingly, not only do these divergent 

secretion systems cross the Gram-negative envelope using unique assemblages of proteins, but 

some only traverse the outer membrane, relying on the general Sec pathway for passage across 

the inner membrane, whereas others comprise a channel for egress of substrates from the 

cytoplasm in a one-step process. In addition to providing a protected channel for export across 

one or both Gram-negative membranes, each of these export systems must also solve the 

problems of selecting distinct substrates from among the total pool of proteins present in the 

cytoplasm (or periplasm) and energizing the secretion process in order to efficiently export 

substrates with rates and selection above those permitted by simple diffusion. Different systems 

solve these problems through distinct mechanisms, such as chaperone proteins for recognition 

and ATPases to provide chemical energy for secretion. 

 

Lastly, while some secretion systems export proteins only across the Gram-negative cell 

envelope (types I, II, and V, VII, VIII, and IX secretion), others translocate substrates into a 

recipient cell (types III, IV, and VI secretion). These substrates are often potent toxins, and have 

been collectively referred to as effector proteins. The difference between a toxin and an effector 

has at times been contested, however the most common usage is that a toxin is secreted to the 

extracellular milleux and affects its target when delivered exogenously, whereas an effector lacks 

the capacity to act externally and must instead be delivered by a secretion apparatus (31). 

Effector proteins are often both highly potent and incredibly specific, giving significant insight 

into the biological processes which they impact. 
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Components and mechanism of the T6SS 

An early informatic analysis by Boyer et al. of T6SS gene clusters found a core set of thirteen 

genes invariantly associated with this secretion system (6). Subsequent studies of these core 

elements has indicated that each is essential to function, with inactivation of any of the thirteen 

leading to significant defects in secretion (28). Subcellular localization and two-hybrid and co-

immunoprecipitation interaction experiments performed on these thirteen proteins have revealed 

that the T6SS consists of two distinct subassemblies, one which spans the Gram-negative cell 

envelope and another with extensive homology to bacteriophage. Contacts between proteins 

within a given assembly are extensive, and, unsurprisingly, subcellular localization data 

correlates well with two-hybrid and co-immunoprecipitation interaction data indicating co-

occurrence of interacting proteins within the same cellular compartment. 

 

The envelope-spanning subassembly consists of three proteins (type VI secretion J, L, and M – 

TssJ, L, and M) including those bearing distant homology to the T4SS components DotU and 

IcmF (TssL and TssM). Both TssL and TssM are integral inner membrane proteins, while TssJ, 

is an outer membrane lipoprotein. Contacts have been defined between TssL and TssM, and 

TssM and TssJ, leading to an assembly that spans the inner membrane and periplasmic space 

(28). While little functional data concerning this complex have been obtained save for the 

essentiality of these components to an active secretion system, studies have revealed a few 

interesting facets of the function of TssL and TssM. The TssL protein is often found with an 

additional peptidoglycan (PG)-binding domain at its C-terminus (32). This has been taken to 

indicate that the function of the envelope-spanning subassembly is to anchor the T6SS to the 

relatively static cell wall. Moreover, some T6SSs wherein TssL lacks a PG-binding domain 
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encode an additional membrane protein, TagJ (type VI associated gene J), with a PG-binding 

domain. This protein might serve as an anchor when PG-binding function is absent from TssL. 

While TssM does not possess clear anchoring domains, many, but not all, homologs of this 

protein possess a Walker ATP-binding and hydrolysis motif. Common in ATPases, this motif is 

often associated with conformational changes upon both ATP-binding and hydrolysis. Such 

motifs are observed in energy-dependent processes wherein the ATP-driven conformational 

change provides the appropriate energetic input. The function of this domain in TssM is still 

unclear, as in some organisms it appears essential for function, whereas in others it is absent, or, 

if present, dispensable (28). Still, in Agrobacterium tumefaciens, TssM hydrolysis of ATP has 

been correlated with the capacity of TssL to bind a component of the bacteriophage-related 

subassembly, Hcp (33, 34). Thus, at least in some organisms, the walker motif in TssM might 

modulate assembly of an active T6SS apparatus once appropriate contacts in the envelope-

spanning complex have been established. 

 

 The bacteriophage-like subassembly contains five proteins (TssB, TssC, Hcp, ClpV and VgrG), 

three of which have structural homology to phage infection machinery (TssC, Hcp, and VgrG) 

(28, 35, 36). While research on the envelope-spanning sub-complex has thus far failed to yield 

meaningful explanations of T6S function, study of the bacteriophage-like assembly has provided 

significant advancements in our understanding of the mechanism of T6S. This is due to the 

ability of researchers to leverage the extensive knowledge of the mechanism of bacteriophage 

infection – wherein a sheathe complex undergoes a contractile event, forcing a penetrating spike 

and associated tail tube through the outer membrane of a Gram-negative bacterium. The phage 

genome is subsequently delivered to the periplasmic space and then accesses the cytoplasm via 
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an as-yet uncharacterized mechanism (37). By analogizing T6SS substrate delivery to this 

process, a number of significant insights have been obtained. 

 

The proteins TssB and TssC provide one of the most direct comparisons between bacteriophage 

infection and the T6SS. These two proteins comprise a bacteriophage sheathe-like complex that 

can be observed in both extended and contracted states in vivo by transmission electron 

microscopy (TEM) (38). Further study utilizing fluorescently tagged TssC revealed that the 

TssB–TssC complex shifts between contracted and extended states, indicating that the two forms 

statically observed by TEM represent different steps in active T6S rather than discrete stable 

subpopulations. It is the contraction of the TssB–TssC sheathe that is thought to provide the 

energy to penetrate a recipient cell, similar to how phage contraction is thought to help drive the 

tail spike through the outer membrane of a Gram-negative bacterium. 

 

If the contraction of TssB–TssC does indeed provide energy input into substrate translocation, 

one would have to posit a mechanism for recycling the complex once it has fired. 

This function appears to be performed by the ClpV AAA+ ATPase, known to remodel the TssB–

TssC complex in vitro, and which possesses Walker ATP-binding and hydrolysis motifs (39, 40). 

Using an empirically-derived modeling approach based on a low-resolution cryo-EM structure of 

a contracted TssB–TssC filament and fitting partial TssB and TssC structures (and where data 

was lacking the crystal structure of the analogous gp18 viral protein) to the solved extended T4 

bacteriophage sheathe, Wendler and colleagues have developed a mechanistic hypothesis of 

ClpV function. Their model states that contraction of a TssB–TssC sheathe reveals a Clp-binding 

motif that is recognized by ClpV, leading to dissolution of the contracted sheathe and subsequent 
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recycling of TssB and TssC into the extended state (41). Thus the energy for T6S as a whole is 

derived from ATP hydrolysis. Consistent with this model, ClpV–GFP fusions have been 

observed to form punctate foci for brief periods of time before returning to diffuse localization 

throughout the cell; implying that this protein only localizes to the T6SS during a discrete step of 

secretion rather than remaining associated with the apparatus (42).  

 

Significant conjecture surrounds the events that follow the contraction of the TssB–TssC 

sheathe, particularly surrounding the fate of the proteins VgrG and Hcp – homologous to the 

bacteriophage tail spike and tail tube, respectively. Both of these proteins are unusual in that they 

are not only structural components, but are also exported substrates of the T6SS. The secretion of 

Hcp in particular has been considered a marker for T6S as unlike other T6SS substrates it can be 

readily identified informatically and it is often one of the most abundant proteins secreted by the 

apparatus. It is presumed that the TssB–TssC contractile event coincides with the puncturing of a 

recipient and delivery of both VgrG and Hcp. VgrG is hypothesized to lead the penetration of the 

membrane of the recipient, capping the apparatus, and Hcp, known to form homomeric tubes in 

vivo, is thought to reside within the TssB–TssC sheathe and become ejected upon contraction 

(43).  While both hypotheses currently lack validation, there is a known role for both proteins in 

effector recognition by the T6S apparatus – indicating that their translocation into a recipient cell 

is likely required for concomitant delivery of their effector cargo.  

 

Substrate recognition by Hcp appears to occur via an interaction between effector proteins and 

the internal pore of the Hcp tube (44). The Hcp polymer consists of stacked hexameric rings, 

with an internal pore diameter consistent with the known size and shape of at least one Hcp-



 11 

dependent T6SS effector (42, 45). Moreover, both cryo-EM of an effector–Hcp complex and 

mutational analyses probing the effector–Hcp interface are consistent with effector recognition 

proceeding via encapsulation by an Hcp hexamer (44).  In a few instances effector proteins can 

be found directly fused to Hcp, however none of these fusions have been experimentally 

validated to retain activity and thus the placement of such effectors within or outside of the Hcp 

pore cannot currently be speculated upon (46).  

 

In addition to Hcp-recognition of effector proteins, some require an associated VgrG-protein for 

their recruitment and translocation. The first VgrG-associated effectors identified were domains 

directly fused to the C-terminus of VgrG (9, 13, 47). Unlike Hcp fusions, these effectors have 

been experimentally validated. Additionally, VgrG, like Hcp, appears to be able to recruit 

effector proteins by direct interaction. This was first uncovered when the structure of a co-crystal 

consisting of a hybrid bacteriophage-VgrG chimera and a protein containing the domain PAAR 

was solved (48). The PAAR domain is found at the N-terminus of many, but not all, VgrG-

dependent T6SS substrates, suggesting it acts as a common feature allowing these proteins to 

interact with VgrG and subsequently become recruited to the secretion apparatus. Informatic data 

demonstrating genetic linkage of PAAR proteins with downstream effectors also suggests that 

PAAR domains that are not fused to effectors might still act as a bridging element, interacting 

both with VgrG and independent effector proteins. Lastly, with strikingly similar organization to 

PAAR proteins, genes encoding products containing a domain of unknown function (DUF4123) 

are often found adjacent to VgrG-dependent effectors. One of these proteins, VasW in V. 

cholerae, has been demonstrated to be necessary for secretion of the adjacent VgrG-dependent 

effector, VasX, indicating that it, like PAAR, might recruit effectors to VgrG (49).  
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As critical determinants of substrate recognition, it is also of note that a single T6SS locus is 

often associated with multiple Hcp or VgrG proteins (50). This is in contrast to the other eleven 

conserved T6SS elements, which are usually found in single copy within a given T6SS gene 

cluster. Additionally, vgrG and hcp substrate islands are often found throughout bacterial 

genomes, unlinked to the T6SS through which they transit. Lastly, both vgrG and hcp are often, 

but not always, found encoded adjacently to their associated effector proteins (51). By 

possessing a multiplicity of VgrG and Hcp proteins a single T6SS apparatus gains a greater 

plasticity in its potential cargo. The genetic association of vgrG and hcp with their associated 

effectors also provides a partial mechanism for what appears to be the frequent horizontal 

transmission of effector genes between organisms. While not providing an explanation for the 

actual horizontal gene transfer event, by the very act of being in proximity a transferred effector 

is more likely to be co-inherited with the vgrG or hcp responsible for its recognition. Moreover, 

in the case of VgrG, effector recognition appears to localize to the C-terminus, a region with an 

often-divergent evolutionary history to the rest of the protein. Thus in a single recombination 

event replacing the C-terminus of an endogenous VgrG protein with a transferred element and 

downstream effector, a T6SS could, in theory, acquire a novel effector protein.  

 

The function of the remaining five proteins (TssA, TssE, TssF, TssG, and TssK) in either 

subcomplex is unclear. While TssE, like VgrG, Hcp, and TssC, has homology to a phage element 

(the gp25 baseplate), it is not known whether it strictly participates in the phage-like 

subassembly (28). Additionally, while one report places TssK as bridging the two subassemblies 

through interactions with TssL, TssC, and Hcp, a more recent study of TssK did not identify 
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these interactions and instead found that this protein participates in a complex with TssF and 

TssG (52, 53).  

 

In summary, the current state of the T6SS field defines the T6S as complex consisting of thirteen 

different proteins comprising distinct envelope-spanning and bacterophage-like subcomplexes. 

The envelope-spanning complex is presumed to act as a scaffold and anchor for the 

bacteriophage-like assembly, which in turn undergoes a dynamic contractile event, providing 

energy for the translocation of the substrate-associated proteins VgrG and Hcp into a recipient 

cell (Figure 1.2). 

 

Interbacterial T6S 

Initial studies of the T6SS focused on its potential role in targeting Eukaryotic cells, particularly 

in the context of virulence. This was bolstered by the early identification of host-targeting T6SSs 

in the organisms Vibrio cholerae and Aeromonas hydrophila, and the known impact of the T3SS 

and T4SS on virulence. In V. cholerae it was found that the T6SS could contribute to protection 

from predation by amoebae and killing by macrophage (54). Further investigation found that a 

VgrG protein secreted by the T6SS in this organism possesses a C-terminal actin crosslinking 

domain (9). Upon phagocytosis by amoeba or macrophage, V. cholerae is able to translocate this 

domain into the eukaryotic cell whereupon it compromises the integrity of the actin cytoskeleton 

(55). A VgrG protein in A. hydrophila also possesses an effector domain that targets actin, 

although it ADP-ribosylates, rather than crosslinks, the eukaryotic protein (13). The T6SS in this 

organism was found to contribute to cell rounding in in vitro infections, and, more importantly, is 

a significant contributor to mortality in a mouse model of infection (8). 
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The activities ascribed to both the VgrG-fused effectors of V. cholerae and A. hydrophila fit a 

general model of virulence factors. By targeting a eukaryotic-restricted molecule, actin, the 

effects of these toxins are fundamentally restricted to host cells. In this manner V. cholerae  and 

A. hydrophila can utilize potent toxins indiscriminately without concern of compromising their 

own physiology. Indeed, even when targeting a molecule conserved between bacteria and 

eukaryotes virulence factors often still retain limited activity against the producing organism by 

requiring co-activators that are lineage restricted, such as calmodulin (56). 

 

Nevertheless, despite these findings in V. cholerae and A. hydrophila, many T6SSs are resident 

in bacteria that are avirulent (57). While it is certainly possibly that some of these organisms 

could use the T6SS as a means of escaping amoebal predation, there were many instances in 

which no clear eukaryotic-targeting domains could be found associated with the T6SS gene 

clusters. In addition, early phenotypic studies of organisms bearing mutations inactivating T6SSs 

often found no effect on virulence but did find effects on processes such as biofilm formation, 

suggesting a role for the T6SS in interbacterial interactions (8-13).  Informatic arguments also 

suggested roles for the T6SS beyond host-targeting. For example, the host-adapted Burkholderia 

mallei possesses only a single T6SS relative to the between five and six distinct systems found in 

its free-living relatives B. thailandensis and B. pseudomallei – indicating that there was no longer 

an adaptive benefit to maintaining these systems in an obligate pathogen, and that they likely do 

serve a function in the environment (58).  
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A breakthrough in the study of T6S was achieved with the finding that the hemolysin co-

regulated secretion island I T6SS (H1-T6SS) of P. aeruginosa could deliver an antibacterial 

effector to neighboring P. aeruginosa cells (14). Three substrates of the H1-T6SS were identified 

by comparing culture supernatants of a P. aeruginosa strain bearing mutations hyperactivating 

the H1-T6SS with a strain possessing a mutationally-inactivated H1-T6SS by mass spectrometry. 

These substrates were named Tse1-3 for type VI secretion exported 1-3. One, Tse2, was found 

encoded in a bicistron with a gene that contained no transposon insertions in defined P. 

aeruginosa mutant libraries. It was subsequently discovered that this gene, named tsi2 for type 

VI immunity 2, directly interacts with, and prevents the toxicity of, Tse2. Therefore Tse2–Tsi2 

appeared to constitute a canonical toxin-antitoxin pair. 

 

While there has been a robust study of toxin–antitoxin pairs, secretion of the toxin was 

unprecedented (59). Expression of Tse2 in yeast demonstrated that it was toxic to eukaryotic 

cells, suggesting that perhaps Tse2 was an anti-eukaryotic effector, but one that targets a process 

shared between bacteria and eukaryotes – thus necessitating the presence of an antitoxin protein. 

Nevertheless, experiments with P. aeruginosa failed to demonstrate that Tse2 could be delivered 

to eukaryotic cells via the T6SS. As Tse2 is universally toxic, it was instead hypothesized that it 

could serve as an antibacterial effector. When P. aeruginosa cells lacking tse2 and tsi2 were 

placed in competition with a parental strain hyperactive for the H1-T6SS they were outcompeted 

in a fashion dependent upon Tse2 and the H1-T6SS in the attacking strain. This was the first 

demonstration that the T6SS could deliver antibacterial effectors between neighboring bacteria, 

and the generation of a significant paradigm in T6S – an antibacterial effector protein paired with 

a cognate immunity determinant. 
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This finding completely changed the approach of many labs in studying the T6SS, and it is now 

recognized that the majority of organisms utilize this system in order to mediate interbacterial 

interactions. After the initial finding in P. aeruginosa, reports closely followed of T6SSs 

providing adaptive benefits to B. thailandensis and V. cholerae in co-culture with the competitor 

organisms P. putida and E. coli, respectively – extending not only the original observation to 

additional bacteria, but also demonstrating that interbacterial T6S can function between 

relatively unrelated bacteria (58, 60). This is in contrast to most other proteinaceous antibacterial 

toxins, such as bacteriocins, which generally only target organisms that are closely related to the 

producer (61). Intriguingly, V. cholerae possesses only a single T6SS, which it utilizes to target 

both eukaryotic and bacterial cells. This indicates that evidence of one activity should not be 

taken to preclude the other. Overall, more T6SSs have been identified that possess the capability 

to target bacterial cells than eukaryotes, suggesting that the basal function of the system is to 

mediate interbacterial interactions with a few derived systems additionally capable of 

participating directly in host cell or amoebal interactions. 

 

Objectives of this thesis 

Interbacterial interactions have the capacity to influence a myriad of processes of interest, 

including both human and environmental health. It is therefore important to understand the 

newly discovered T6SS as a potent mechanism mediating interbacterial antagonism. While 

studies have identified this pathway as granting bacteria the capacity to restrict the growth or kill 

neighboring cells, only a single antibacterial effector, Tse2, has been identified. Moreover, the 

activity of Tse2 has remained undefined, severely hampering attempts to understand the general 
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nature of interbacterial T6S. The aim of this thesis is to better understand bacterial-targeting T6S 

through the identification and characterization of its effector proteins, attempting to define 

broadly-applicable paradigms using model organisms and laboratory experiments that can be 

extrapolated to a large number of organisms by further in silico analysis. 

  



 18 

 

 

              
 
 
 
 
 
Figure 1.1: Structure of the Gram-negative cell envelope. Schematic depicting the 
composition of a prototypical Gram-negative cell envelope. 
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Figure 1.2: Hypothetical model of T6SS function. Schematic depicting the current model of 
T6SS function. Gram-negative cell envelope presented as in Figure 1.1. 
 



 20 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER II 

Type VI secretion delivers bacteriolytic effectors to target cells 
 
 

Published as: Russell, A.B., Hood, R.D., Bui, N.K., LeRoux, M., Vollmer, W., and Mougous, 

J.D. 2011. Nature 475, 343–347 

 

 

 

 

 

A.B.R. contribution: Working with J.D.M. conceived of study and wrote paper. Carried out 

informatic analyses of Tse1 and Tse3, E. coli growth experiments of strains bearing Tse1 and 

Tse3 expression vectors, subcellular fractionation of P. aeruginosa cells expressing epitope-

tagged Tsi1 and Tsi3, Tse2 secretion analyses, intraspecific bacterial competitions, analyses of 

isogenic intercellular intoxication of P. aeruginosa, analysis of expression in E. coli cells, 

measurements of the activity of purified Tse1 on permeabilized P. aeruginosa, and generation of 

a significant portion of the vector constructs and mutants used in this study.



 21 

ABSTRACT 

Peptidoglycan is the major structural constituent of the bacterial cell wall, forming a meshwork 

outside the cytoplasmic membrane that maintains cell shape and prevents lysis. In Gram-

negative bacteria, peptidoglycan is located in the periplasm, where it is protected from 

exogenous lytic enyzmes by the outer membrane. Here we show that the type VI secretion 

system (T6SS) of Pseudomonas aeruginosa breaches this barrier to deliver two effector proteins, 

Tse1 and Tse3, to the periplasm of recipient cells. In this compartment, the effectors hydrolyze 

peptidoglycan, thereby providing a fitness advantage for P. aeruginosa cells in competition with 

other bacteria. To protect itself from lysis by Tse1 and Tse3, P. aeruginosa utilizes specific 

periplasmically-localized immunity proteins. The requirement for these immunity proteins 

depends on intercellular self-intoxication through an active T6SS, indicating a mechanism for 

export whereby effectors do not access donor cell periplasm in transit. 

 

INTRODUCTION 

Competition among bacteria for niches is widespread, fierce and deliberate. These organisms 

elaborate factors ranging in complexity from small diffusible molecules, to exported proteins, to 

multicomponent machines, in order to inhibit the proliferation of rival cells (62, 63). A common 

target of such factors is the peptidoglycan cell wall (61, 64-66). The conserved, essential, and 

accessible nature of this molecule makes it an Achilles heel of bacteria. 

 

The T6SS is a complex and widely distributed protein export machine capable of cell contact-

dependent targeting of effector proteins between Gram-negative bacterial cells (6, 14, 57, 67). 

However, the mechanism by which effectors are delivered via the secretory apparatus, and the 
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function(s) of the effectors within recipient cells, have remained elusive. Current models of the 

T6SS derive from the observation that several of its components share structural homology to 

bacteriophage proteins (36, 42, 68); it has been proposed that target cell recognition and effector 

delivery occur in a process analogous to bacteriophage entry (35). 

 

The observation that T6S can target bacteria was originally made through studies of the 

hemolysin co-regulated protein secretion island I (HSI-I)-encoded T6SS (H1-T6SS) of P. 

aeruginosa, which exports at least three proteins, Tse1-3 (14, 42).  These proteins are unrelated 

to each other and lack significant primary sequence homology to characterized proteins. One 

substrate, Tse2, is toxic by an unknown mechanism in the cytoplasm of recipient cells lacking 

Tsi2, a Tse2-specific immunity protein. Here we show that Tse1 and Tse3 are lytic enzymes that 

degrade peptidoglycan via amidase and muramidase activity, respectively. Unlike related 

enzymes associated with other secretion systems (69), these proteins are not required for the 

assembly of a functional secretory apparatus. Instead, Tse1 and Tse3 function as lytic 

antibacterial effectors that depend upon T6S to breach the barrier imposed by the Gram-negative 

outer membrane. 

 

Contacting P. aeruginosa cells actively intoxicate each other with Tse1 and Tse3. However, the 

peptidoglycan of P. aeruginosa is not inherently resistant to the activities of these enzymes. To 

protect itself, the bacterium synthesizes immunity proteins – type VI secretion immunity 1 and 3 

(Tsi1 and Tsi3) – that specifically interact with and inactivate cognate toxins in the periplasm. 

Orthologs of tsi1 and tsi3 appear restricted to P. aeruginosa, therefore the species is able to 



 23 

exploit the H1-T6SS to target closely related organisms that are likely to compete for 

overlapping niches, while minimizing the fitness cost associated with self-targeting. 

 

RESULTS 

Tse1 and Tse3 are lytic enzymes 

To identify potential functions of Tse1 and Tse3, we searched their sequences for catalytic 

motifs using structure prediction algorithms (70).  Interestingly, motifs present in peptidoglycan 

degrading enzymes were apparent in both proteins (Figure 2.1A). Tse1 contains invariant 

catalytic amino acids present in cell wall amidases (DL-endopeptidases) (71), whereas Tse3 

possesses a motif that includes a catalytic glutamic acid found in muramidases (19, 72). 

 

To test our predictions, we incubated purified Tse1 and Tse3 with isolated E. coli peptidoglycan 

sacculi.  Soluble products released by the enzymes were separated by high performance liquid 

chromatography (HPLC) and analyzed by mass spectrometry (MS).  To generate separable 

fragments, Tse1-treated samples were digested with cellosyl, a muramidase, prior to HPLC. The 

observed absence of the major crosslinked fragment, and the formation of two Tse1-specific 

products, is consistent with enzymatic cleavage of an amide bond in the peptidoglycan peptide 

crosslink (Figure 2.1A). Moreover, our MS data suggest that the enzyme possesses specificity for 

the γ-D-glutamyl-L-meso-diaminopimelic acid bond in the donor peptide stem (Figure 2.1C). A 

variant of Tse1 containing an alanine substitution in its predicted catalytic cysteine ((C30A), 

Tse1*) did not degrade peptidoglycan (Figure 2.1B). 
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Soluble peptidoglycan fragments released by Tse3 confirmed our prediction that the enzyme 

cleaves the glycan backbone between N-acetylmuramic acid (MurNAc) and N-acetylglucosamine 

(GlcNAc) residues (Figure 2.1D). Enzymes that cleave this bond can do so hydrolytically 

(lysozymes) or non-hydrolytically (lytic transglycosylases); the latter results in the formation of 

1,6-anhydroMurNAc.  Our analyses showed that Tse3 possesses lysozyme-like activity and 

furthermore suggest that its activity is limited to a fraction of the MurNAc-GlcNAc bonds. The 

enzyme solubilized a significant proportion of the sacculi to release non-crosslinked 

peptidoglycan fragments and high molecular weight, soluble peptidoglycan fragments (Figure 

2.1C). A Tse3 protein with glutamine substituted at the site of the predicted catalytic glutamic 

acid ((E250Q), Tse3*) displayed significantly diminished activity. 

 

 If Tse1 and Tse3 degrade peptidoglycan, we reasoned the enzymes might have the capacity to 

lyse bacterial cells. Ectopic expression of Tse1 and Tse3 in the cytoplasm of Escherichia coli 

resulted in no significant lysis (Figure 2.2A). However, periplasmically-localized forms of both 

proteins (peri-Tse1, peri-Tse3) abruptly lysed cells following induction (Figures 2.2B and C). In 

accordance with our in vitro studies, peri-Tse1* and peri-Tse3* did not induce lysis at expression 

levels equivalent to those of the native enzymes (Figures 2.2B and D).  We also examined cells 

producing the periplasmically localized enzymes using fluorescence microscopy.  Consistent 

with our biochemical data, cells producing peri-Tse1 were amorphous or spherical, while those 

producing peri-Tse3 were swollen and filamentous (Figure 2.2E). In total, these data demonstrate 

that Tse1 and Tse3 are enzymes that degrade peptidoglycan in vivo, and that, unlike related 

enzymes involved in cell wall metabolism, they possess no inherent means of accessing their 

substrate in the periplasmic space.     
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T6S function does not require Tse1&3 

Since the Tse enzymes alone are unable to reach their target cellular compartment, we 

hypothesized that their function must be linked to export by the T6SS.  In this regard, they could: 

1) remodel donor peptidoglycan to allow for the assembly of the mature T6S apparatus, 2) 

remodel recipient cell peptidoglycan to facilitate the passage of the T6S apparatus through the 

recipient cell wall, or 3) act as antibacterial effectors that compromise recipient cell wall 

integrity. To determine if Tse1 and Tse3 are essential for T6S apparatus assembly, we examined 

whether the enzymes are required for export of the third effector, Tse2. The secretion of Tse2 

was not diminished in a strain lacking tse1 and tse3, suggesting that assembly of the T6S 

apparatus is unhindered by their absence (Figure 2.3A). If Tse1 and Tse3 act as enzymes that 

remodel recipient cell peptidoglycan to facilitate effector translocation, Tse2 action on recipient 

cells should be severely impaired or nullified in the ∆tse1 ∆tse3 background. Instead, we found 

that this strain retained the ability to functionally target Tse2 to recipient cells (Figure 2.3B). 

These findings led us to further examine the hypothesis that Tse1 and Tse3 are effector proteins 

rather than accessory enzymes of the T6S apparatus.  

 

Immunity proteins inhibit Tse1&3 

Previous data indicate that P. aeruginosa can target itself via the T6SS (14).  If Tse1 and Tse3 

act as antibacterial effectors, it follows that P. aeruginosa must be immune to their toxic effects. 

The tse1 and tse3 genes are each found in predicted bicistronic operons with a hypothetical gene, 

henceforth referred to as tsi1 and tsi3, respectively. Immunity proteins often inactivate their 

cognate toxin by direct interaction (73); therefore, as a first step toward defining a functional link 
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between cognate Tsi and Tse proteins, we asked whether they physically associate.  A solution 

containing a mixture of purified Tse1 and Tse3 was mixed with E. coli lysates containing either 

Tsi1 or Tsi3.  Co-immunoprecipitation studies indicated that Tsi1 and Tsi3 interact specifically 

with Tse1 and Tse3, respectively, and interactions between non-cognate pairs were not detected 

(Figure 2.4A).  To investigate the immunity properties of the Tsi proteins, we measured their 

ability to inhibit toxicity of peri-Tse1 and peri-Tse3 in E. coli.  Both Tsi1 and Tsi3 significantly 

decreased the toxicity of cognate, but not non-cognate Tse proteins (Figure 2.4B).  These results 

show that the activity of periplasmic Tse1 and Tse3 is specifically inhibited by cognate Tsi 

proteins. 

 

T6S delivers Tse1&3 to the periplasm 

Most genes encoding immunity functions are essential in the presence of their cognate toxins. 

However, mutations that inactivate tsi1 and tsi3 are readily generated in P. aeruginosa strains 

that constitutively express and export Tse1 and Tse3. Based on this observation, we 

hypothesized that under standard laboratory conditions, the Tse proteins do not efficiently access 

their substrate in the periplasm.  This suggests that T6S occurs by a mechanism wherein effectors 

are denied access to donor cell periplasm and are instead released directly to the periplasm of the 

recipient cell.  According to this mechanism, the tsi genes would only be essential when a strain 

is grown under conditions that permit intercellular transfer of effectors between neighboring cells 

by the T6SS. As predicted, deletions in tsi1 and tsi3 severely impaired the growth of P. 

aeruginosa on a solid substrate, a condition conducive to T6S-based effector delivery (Figure 

2.4C) (58, 74). In contrast, this growth inhibition did not occur in liquid media, which is not 

conducive to effector delivery by the T6SS  (Figure 2.4D).  The growth inhibition phenotype 
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required a functional T6SS and intact cognate effector genes, and consistent with the proposed 

functions of Tse1 and Tse3 in compromising cell wall integrity, growth of immunity deficient 

strains was fully rescued by increasing the osmolarity of the medium (Figure 2.4C).  

 

Bioinformatic analyses suggested that the Tsi proteins reside in the periplasm – Tsi1 as a soluble 

periplasmic protein and Tsi3 as an outer membrane lipoprotein. These predictions were 

confirmed by subcellular fractionation experiments, which indicated enrichment of the proteins 

in the periplasmic compartment (Figure 2.5A). This result, taken together with the observation 

that the Tsi proteins interact directly with their cognate Tse proteins (Figure 2.4A), provided us 

with a means of addressing whether the T6SS delivers Tse proteins intercellularly to the 

periplasm. We reasoned that if the Tse proteins are indeed delivered to the periplasm of another 

bacterial cell, not only should we be able to observe intoxication between distinct donor and 

recipient strains of P. aeruginosa, but the production of an otherwise competent immunity 

protein that is mislocalized to the cytoplasm should not be able to prevent such intoxication.   

 

In growth competition assays between distinct donor and recipient strains of P. aeruginosa, we 

found that recipient cells that lack Tse3 immunity and are incapable of self-intoxication (∆tse3 

∆tsi3), display a growth disadvantage against donor bacteria. This phenotype depends on H1-

T6SS function and Tse3 in the donor strain. In the recipient strain, ectopic expression of wild-

type tsi3, but not an allele encoding a signal sequence-deficient protein (Tsi3–SS), rescues the 

fitness defect (Figure 2.5B). Importantly, the Tsi3–SS protein used in this experiment does not 

reach the periplasm, and retains activity in vitro as judged by interaction with Tse3 (Figure 
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2.5A,C). Analogous experiments with Tsi1 were not feasible, as the protein was unstable in the 

cytoplasm. 

 

The most parsimonious explanation for T6S-mediated intercellular toxicity by Tse1 and Tse3 is 

that the apparatus provides a conduit for the effectors through the outer membrane of recipient 

cells. This led us to predict that exogenous Tse1 and Tse3 would not lyse intact P. aeruginosa. 

Furthermore, we posited that if the outer membrane was the relevant barrier to Tse1 and Tse3 

toxicity, compromising its integrity should render P. aeruginosa susceptible to exogenous 

administration of the enzymes. 

 

 To test these predictions, we measured lysis of permeabilized and intact P. aeruginosa following 

addition of exogenous Tse1. We did not test Tse3, as the filamentous phenotype induced by this 

enzyme would not affect non-growing, permeabilized cells. Intact P. aeruginosa cells were not 

affected by the addition of exogenous Tse1; conversely, permeabilized P. aeruginosa was highly 

susceptible to lysis by the enzyme (Figure 2.5D).  Lysis induced by Tse1 is linked to its 

enzymatic function, as Tse1* failed to significantly lyse cells. In total, our data show that the 

T6SS breaches the outer membrane to deliver lytic effector proteins directly to recipient cell 

periplasm. 

 

To determine whether the T6SS can target the Tse proteins to cells of another Gram-negative 

organism, we conducted growth competition assays between P. aeruginosa and P. putida. These 

bacteria can be co-isolated from the environment (75) and are likely to compete for niches (76).  

While inactivation of either tse1 or tse3 only modestly affected the outcome of P. aeruginosa-P. 
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putida competition assays, the fitness of P. aeruginosa lacking both genes or a functional T6SS 

was dramatically impaired (Figure 2.6). This partial redundancy is congruent with the enzymes 

exerting their effects through a single target–peptidoglycan–in the recipient cell. The fitness 

advantage provided by Tse1 and Tse3 was lost in liquid medium, consistent with cell contact-

dependent delivery of the proteins to competitor cells (Figure 2.6). These data indicate that the 

T6SS targets its effectors to other species of bacteria and that these proteins can be key 

determinants in the outcome of interspecies bacterial interactions. In contrast with intraspecies 

intoxication, interspecies intoxication via the T6SS does not require the inactivation of a negative 

regulator of the system (eg. ∆retS), suggesting that T6S function is stimulated in response to 

rival bacteria. 

 

DISCUSSION 

Our data lead us to propose a model for T6S-catalyzed translocation of effectors to the periplasm 

of recipient bacteria (Figure 2.7). This model provides a mechanistic framework for 

understanding the form and function of this complex secretion system. Our findings strengthen 

the existing hypothesis that the T6SS is evolutionarily and functionally related to bacteriophage 

(9, 35, 57). Neither the T4 bacteriophage tail spike nor other components of the puncturing 

device are thought to cross the inner membrane; instead, bacteriophage DNA is released to the 

periplasm and subsequently enters the cytoplasmic compartment using another pathway (37). By 

analogy, the Tse proteins would utilize T6S components as a puncturing device to gain access to 

the periplasm, whereupon Tse2 may then utilize an independent route to access the cytoplasm 

(Figure 2.7). 
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Niche competition in natural environments has clearly selected for potent antibacterial processes; 

however, the human body is also home to a complex and competitive microbiota (77, 78). 

Commensal bacteria form a protective barrier, and the ability of pathogens to colonize the host is 

not only dependent upon suppression or subversion of host immunity, but also can depend on 

their ability to displace these more innocuous organisms (79-81).  In polymicrobial infections, 

Gram-negative bacteria, including P. aeruginosa, often vie with other Gram-negative bacteria for 

access to nutrient-rich host tissue (82).  Factors such as the T6SS, that influence the relative 

fitness of these organisms, are thus likely to impact disease outcome. 

 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and growth conditions 

 P. aeruginosa strains used in this study were derived from the sequenced strain PAO1(83). P. 

aeruginosa strains were grown on either Luria-Bertani media (LB), or the equivalent lacking 

additional NaCl (LB low salt (LB-LS): 10 g bactopeptone and 5 g yeast extract per liter) at 37 °C 

supplemented with 30 µg ml-1 gentamycin, 25 µg ml-1 irgasan, 5% w/v sucrose, 40µg/ml X-gal, 

and stated concentrations of IPTG as required.  E. coli strains included in this study included 

DH5α for plasmid maintenance, SM10 for conjugal transfer of plasmids into P. aeruginosa, 

BL21 pLysS for expression of Tse1 and Tse3 for toxicity and lysis, and Shuffle® T7 pLysS 

Express (New England Biolabs), for purification of Tse1 and Tse3. All E. coli strains were 

grown on either LB or LB-LS at 37 °C supplemented with 15 µg ml-1 gentamycin, 150 µg ml-1 

carbenicillin, 50 µg ml-1 kanamycin, 30 µg ml-1 chloramphenicol, 200 µg ml-1 trimethoprim, 

0.1% rhamnose, and stated concentrations of IPTG as required. P. putida used in this study was 
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the sequenced strain, KT2440 (76). P. putida was grown on LB or LB-LS at 30°C. In all 

experiments where expression from a plasmid was required, strains were grown on media 

supplemented with required antibiotics to select for plasmid maintenance. 

 

Plasmids used for inducible expression were pPSV35CV for P. aeruginosa and pET29b+ 

(Novagen), pET22b+ (Novagen), pSCrhaB2 (84) and pPSV35CV for E. coli (85) . Chromosomal 

deletions were made as described previously (86). 

 

DNA manipulations 

The creation, maintenance, and transformation of plasmid constructs followed standard 

molecular cloning procedures.  All primers used in this study were obtained from Integrated 

DNA Technologies. DNA amplification was carried out using either Phusion® (New England 

Biolabs) or Mangomixtm (Bioline). DNA sequencing was performed  by Genewiz® Incorporated. 

Restriction enzymes were obtained from New England Biolabs. SOE PCR was performed as 

previously described (87). 

  

Plasmid construction 

 pPSV35CV, pEXG2, and pSCrhaB2 have been described previously (84-86). E. coli pET29+ 

expression vectors for Tse1 and Tse3 were constructed by standard cloning techniques following 

amplification from PAO1 chromosomal DNA . Point mutations were introduced using 

Quikchange (Stratagene).  

 



 32 

pPSV35CV and pSCrhaB2 expression vectors were generated by amplifying the genes from 

genomic DNA. A VSV-epitope tag was additionally cloned downstream of genes in pSCrhaB2 

for the purpose of tagged-expression. All deletions were in-frame and were generated by 

exchange with deletion alleles constructed by SOE PCR.  

 

Growth curves 

For E. coli growth curves BL21 pLysS cells harboring expression plasmids were grown 

overnight in liquid LB shaking at 37°C and subinoculated to a starting optical density at 600 nm 

(OD600) of between 0.01 and 0.02 in LB-LS. Cultures were grown to OD600 0.1-0.2 and induced 

with 0.1mM IPTG. The vector pET29b+ was used for expression of native Tse1 and Tse3, and 

the pET22b+ vector was used for expression of periplasmic Tse1 and Tse3, and catalytic amino 

acid substitutions thereof. Both vectors added a C-terminal hexahistidine tag to expressed 

proteins, allowing for western blot analysis of expression. Samples for western blot analysis 

were taken 30 minutes after induction for Tse1, peri-Tse1, and peri-Tse1* and 45 minutes after 

induction for Tse3, peri-Tse3, and peri-Tse3*. 

 

For P. aeruginosa growth curves, cells were grown overnight at 37 °C in liquid LB with shaking 

and sub-inoculated 1:1000 into LB-LS. Growth was measured by enumerating c.f.u. from plate 

counts of samples taken at the indicated time points. 

 

E. coli toxicity measurements 

Overnight LB cultures of E. coli harboring pET22b+ expression vectors and E. coli harboring 

both pET22b+ and pSCrhaB2 expression vectors were serially diluted in LB to 106 as 10-fold 
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dilutions. These dilutions were spotted onto LB-LS agar with the following concentrations of 

inducer molecules: 0.075mM IPTG for pET22b+::tse1, pET22b+::tse3 and the associated vector 

control, 0.02 mM IPTG and 0.1% rhamnose for pET22b+::tse1 pSCrhaB2::tsi1 and all associated 

controls, and 0.05mM IPTG and 0.1% rhamnose for pET22b+::tse3 pSCRhaB2::tsi3 and all 

associated controls. Pictures were taken between 20 and 26 hours after plating. 

 

Subcellular fractionation 

P. aeruginosa ∆retS cells harboring expression vectors for Tsi1-V, Tsi3-V, or Tsi3–SS-V and an 

additional vector expressing TEM-1 (pPSV18)  were grown overnight.  This overnight culture 

was sub-inoculated into LB supplemented with 0.1mM IPTG and grown to late logarithmic 

phase. Periplasmic and cytoplasmic fractions were prepared as described (88, 89). 

 

E. coli BL21 cells harboring expression vectors for Tse1*, Tse3*, peri-Tse1*, and peri-Tse3* 

were grown overnight and sub-inoculated into LB. For Tse1* and Tse3* fractionation cells also 

carried an empty pET22b vector to provide expression of TEM-1. Cells were grown to an OD600 

of 0.1 and induced with either 0.1 mM IPTG (Tse1* and peri-Tse1*) or 0.5 mM IPTG (Tse3* 

and peri-Tse3*). Cells were then harvested and fractionated as described (90). 

 

Preparation of proteins and Western blotting 

Cell-associated and supernatant samples were prepared as described previously (85). Western 

blotting was performed as described previously for α-VSV–G and α-RNA polymerase (42) with 

the modification that α-VSV–G antibody probing was performed in 5% BSA in Tris-buffered 

saline containing 0.05% v/v Tween 20. The α-Tse2 polyclonal rabbit antibody was raised against 



 34 

the peptide YDGDVGRYLHPDKEC (GenScript). Western blots using both this antibody and 

the α-β-lactamase antibody(QED Biosciences Inc.) were performed identically to those using α-

VSV–G. The α-His5 Western blots were performed using the Penta-His HRP Conjugate Kit 

according to manufacturer’s instructions (Qiagen).   

 

Immunoprecipitation 

BL21 pLysS cells expressing VSV–G-tagged Tsi1, Tsi3, or Tsi3–SS were pelleted and 

resuspended in lysis buffer (20mM Tris-Cl pH 7.5, 50 mM KCl, 8.0% v/v glycerol, 0.1% v/v NP 

40, 1.0% v/v triton, supplemented with Dnase I (Roche), lysozyme (Roche), and Sigmafasttm 

protease inhibitor (Sigma) according to manufacturer instructions). Cells were disrupted by 

sonication to release VSV–G-tagged Tsi proteins into solution. To this suspension, Tse1 and 

Tse3 were added to concentrations of 30 µg ml-1 and 25 µg ml-1, respectively.  This mixture was 

clarified by centrifugation, and a sample of the supernatant was taken as a pre-

immunoprecipitation sample. The remainder of the supernatant was incubated with 100 µL α-

VSV–G agarose beads (Sigma) for 2 hr at 4°C. Beads were washed three times with IP-wash 

buffer (100mM NaCl, 25mM KCl, 0.1% v/v triton, 0.1% v/v NP-40, 20mM Tris-Cl pH 7.5, and 

2% v/v glycerol).  Proteins were removed from beads with SDS loading buffer (125 mM Tris, 

pH 6.8, 2% (w/v) 2-Mercaptoethanol, 20% (v/v) Glycerol, 0.001% (w/v) Bromophenol Blue  and 

4% (w/v) SDS ) and analyzed by Western blot. 

 

Interbacterial competition assays 

The inter-P. aeruginosa competitions were performed as described previously with minor 

modifications(14). For experiments described in both Figure 2.2B and Figure 2.5B, competition 
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assays were performed on nitrocellulose on LB or LB-LS 3% agar, respectively. Plate counts 

were taken of the initial inoculum to ensure a starting c.f.u. ratio of 1:1, and again after either 24 

hours (Figure 2.2B) or 12 hours (Figure 2.5B) to obtain a final c.f.u. ratio. Donor and recipient 

colonies were disambiguated through fluorescence imaging (Figure 2.2B) or through the activity 

of a β−galactosidase reporter as visualized on plates containing 40µg/ml X-gal  (Figure 2.5B). 

Data were analyzed using a two-tailed Student’s T-Test. 

 

For interspecies competition assays, overnight cultures of P. aeruginosa and P. putida were 

grown overnight in LB broth at 37°C and 30°C, respectively. Cultures were then washed in LB 

and resuspended to an OD600 of 4.0 for P. aeruginosa and 4.5 for P. putida. P. putida and P. 

aeruginosa were mixed in a one-to-one ratio by volume, this mixture was spotted on a 

nitrocellulose membrane placed on LB-LS 3% agar, and the c.f.u. ratio of the organisms was 

measured by plate counts. The assays were incubated for 24 hours at 30°C, after which the cells 

were resuspended in LB broth and the final c.f.u. ratio determined through plate counts. Data 

were analyzed using a one-tailed Student’s T-Test.   

 

Purification of Tse1 and Tse3 

 For purification, Tse1, Tse3, Tse1*, and Tse3* were expressed in pET29b+ vectors in Shuffle® 

Express T7 lysY cells (New England Biolabs).  The proteins were purified to homogeneity using 

previously reported methods (91), except that in all steps no reducing agents or lysozyme were 

used. 
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Bioinformatic analyses 

 Predicted structural homology was queried using PHYRE (70). Alignments were performed 

using T-Espresso (92). Sequences of cell wall amidases and muramidases for alignments were 

obtained from seed sequences from PFAM (93). Critical motifs were defined by previous work 

in the study of NlpC/P60 and lytic transglycosylase/GEWL enzymes (71, 72). 

 

Enzymatic assays 

 Tse1 and Tse1*: Purified peptidoglycan sacculi (300 µg) from E. coli MC1061(94) were 

incubated with Tse1 or Tse1* (100 µg/ml) in 300 µl of  20 mM Tris/HCl, pH 8.0 for 4 h at 37°C. 

A sample with enzyme buffer instead of Tse1 served as a control. The pH was adjusted to 4.8 

and the sample was incubated with 40 µg/ml of the muramidase cellosyl (kindly provided by 

Höchst AG, Frankfurt, Germany) for 16 h at 37°C to convert the residual peptidoglycan or 

solubilized fragments into muropeptides. The sample was boiled for 10 min and insoluble 

material was removed by brief centrifugation. The reduced muropeptides were reduced with 

sodium borohydride and analysed by HPLC as described (94). Fractions 1 and 2 were collected, 

concentrated in a SpeedVac, acidified by 1% trifluoroacetic acid and analysed by offline 

electrospray mass spectrometry on a Finnigan LTQ-FT mass spectrometer (ThermoElectron, 

Bremen, Germany) as described (95). 

 

Tse3 and Tse3*. Purified peptidoglycan sacculi (300 µg) from E. coli MC1061 were incubated 

with Tse3 or Tse3* (100 µg/ml) in 300 µl of 20 mM sodium phosphate, pH 4.8 for 20 h at 37°C. 

A sample with enzyme buffer instead of Tse3 served as a control. The samples were boiled for 

10 min and centrifuged for 15 min (16,000×g). The supernatant was reduced with sodium 
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borohydride and analysed by HPLC as described above (supernatant samples). The pellet was 

resuspended in 20 mM sodium phosphate, pH 4.8 and incubated with 40 µg/ml cellosyl for 14 h 

at at 37°C. The samples were boiled for 10 min, cleared by brief centrifugation and analysed by 

HPLC as described above (pellet samples). Fractions 3, 4 and 5 were collected and analysed by 

mass spectrometry as described above. 

 

Self-intoxication assays 

PAO1 ∆retS attTn7::gfp cells bearing the indicated gene deletions were grown overnight in LB 

broth at 37°C. Cells were then diluted to 103 c.f.u./mL and 20 µL of this solution was placed on a 

nitrocellulose membrane placed on LB-LS 3% agar or LB 3% agar (contains 1.0% w/v NaCl). 

Fluorescence images were acquired following 23 hours of incubation at 37°C. For quantification 

and complementation, non-fluorescent strains were used and 1 mM IPTG was included for 

induction of all strains – except for the tsi3-complemented strain, for which no IPTG was 

required to achieve comparable levels of expression to the tsi3–SS-complemented strain. At 23 

hours cells were resuspended in LB. Plate counts of the initial inoculum and the final suspension 

were used to determine growth. Data were analyzed using a one-tailed Student’s T-test. 

 

Fluorescence microscopy 

BL21 pLysS cells harboring periplasmic-expression vectors for Tse1, Tse3, and catalytic 

substitution mutants were grown in conditions identical to those in the E. coli growth curve 

experiments. Cells were harvested 30 minutes post-induction for Tse1 experiments and one-hour 

post-induction for Tse3 experiments. These cells were resuspended in PBS and incubated with 

0.3 µM TMA-DPH (1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-



 38 

toluenesulfonate) for 10 minutes. The stained cells were placed on 1% agarose pads containing 

PBS for microscopic analysis. Microscopy was performed as described previously (85). 

 

EDTA-permeabilization lysis assay 

Assays were performed as previously described with minor modifications (96). Cells were sub-

inoculated into LB broth from overnight liquid cultures and grown to late logarithmic phase. 

Cells were washed in 20 mM Tris-Cl pH 7.5 and Tse1, Tse1*, or lysozyme were added to a final 

concentration of 0.01 mg/mL. An initial OD600 measurement was taken before EDTA pH 8.0 

was added to a final concentration of 1.5 mM. Cells were incubated with shaking at 37°C for 5 

minutes and a final OD600 reading was taken. P. aeruginosa undergoes rapid autolysis under 

these assay conditions, thus lysis was expressed as a percentage of lysis above a buffer-only 

control.  
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Figure 2.1: Tse1 and Tse3 are members of the amidase and muramidase enzyme families. 
(A) Genomic organization of tse1 and tse3 and homology with characterized amidase and 
muramidase enzymes, respectively. Highly conserved (boxed) and catalytic (starred) residues 
indicated.  (B,D) Partial HPLC chromatograms of soluble E. coli peptidoglycan products 
resulting from (B) digestion with Tse1 and subsequent cleavage with cellosyl or (D) digestion 
with Tse3 alone. Peak assignments were made based on MS; predicted structures are shown 
schematically with hexagons and circles corresponding to sugars and amino acid residues, 
respectively. Reduced sugar moieties are shown with grey fill. c. Simplified representation of 
Gram-negative peptidoglycan showing cleavage sites of Tse1 and Tse3 based on data 
summarized in (B) and (D).  
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Figure 2.2: Tse1 and Tse3 are lytic when directed to the periplasm. (A,B) Growth in liquid 
media of E. coli producing the indicated Tse proteins. Periplasmic localization was achieved by 
fusion to the PelB leader sequence (97). Cultures were induced at the indicated time (arrow). 
Error bars ± s.d. (n=3). (C) . Western blot analysis of subcellular distributions of the indicated 
Tse* proteins in E. coli.  To avoid cellular lysis during sample preparation, the catalytically 
inactive Tse variants (Tse*) were used in this experiment. Native proteins (B) and those 
containing an N-terminal PelB leader sequence (V) were analyzed. Equivalent fractions of the 
cytoplasmic (Cyto) and periplasmic (Peri) samples were loaded in each panel. The 
oligohistidine-tagged Tse proteins were detected with an α-His5 antibody. RNA polymerase 
(RNAP) and β-lactamase (β-lac) enzymes were used as cytoplasmic and periplasmic 
fractionation controls, respectively.  (D) Western blot analysis of total Tse protein levels for 
strains used in experiments presented in (A) and (B). RNA polymerase was used as a loading 
control. Error bars ± s.d. (n=3). (E) Representative micrographs of strains shown in (B) acquired 
prior to complete lysis. The lipophilic dye TMA-DPH is used to highlight the cellular 
membranes All images were acquired at the same magnification.  Scale bar = 2 µm.  
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Figure 2.3: Tse1 and Tse3 are not required for Tse2 export or transfer to recipient cells via 
the T6S apparatus. (A) Western blot analysis of supernatant (Sup) and cell-associated (Cell) 
fractions of the indicated P. aeruginosa strains. The parental background for all experiments 
represented in this figure is PAO1 ∆retS, a strain in which the H1-T6SS is activated 
constitutively (42, 98). (B) Growth competition assays between the indicated donor and recipient 
strains under T6S-conducive conditions. Experiments were initiated with equal colony forming 
units (c.f.u.) of donor and recipient bacteria as denoted by the dashed line. The ∆clpV1 strain is a 
T6S-deficient control. Asterisks indicate significant differences in competition outcome between 
recipient strains against the same donor strain. **P < 0.01. Error bars ± s.d. (n=3). 
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Figure 2.4: Tsi1 and Tsi3 provide immunity to cognate toxins. (A) Western blot analysis of 
hexahistidine-tagged Tse proteins (–His6) in total and bead-associated fractions of an α-VSV–G 
(vesicular stomatitis virus glycoprotein) immunoprecipitation of VSV–G epitope fused Tsi 
proteins (–V) from E. coli. (B) Growth of E. coli harboring a vector expressing the indicated tse 
gene (top panels) or vectors expressing the indicated tse and tsi genes (bottom panels). Numbers 
at top indicate 10-fold serial dilutions. (C) Fluorescence micrographs showing colony growth of 
the indicated strains. The parental background for this experiment was PAO1 ∆retS attTn7::gfp. 
Growth of the ∆tsi strains was rescued by the addition of 1.0% w/v NaCl to the underlying 
medium. (D) Replication rates of the indicated P. aeruginosa strains in liquid medium of low 
osmolarity formulated as in (C). The parental strain used in this experiment was PAO1 ∆retS. 
Error bars ± s.d. (n=3). 
  



 43 

 
 
Figure 2.5: Tse1 and Tse3 delivered to the periplasm provide a fitness advantage to donor 
cells. (A) Western blot analyses of cytoplasmic (Cyto) and periplasmic (Peri) fractions of P. 
aeruginosa strains producing Tsi1–V, Tsi3–V or Tsi3–SS–V. Equivalent ratios of the Cyto and 
Peri samples were loaded in each panel. RNA polymerase (RNAP) and β-lactamase (β-lac) 
enzymes were used as cytoplasmic and periplasmic fractionation controls, respectively. The 
presence of Tsi3–a predicted outer membrane lipoprotein–in the periplasmic fraction is 
consistent with previous studies utilizing this method of fractionation (88). (B) Growth 
competition assays between the indicated donor and recipient strains under T6S-conducive 
conditions. Experiments were initiated with equal c.f.u. of donor and recipient bacteria as 
denoted by the dashed line. The parental strain used in this experiment was PAO1 ∆retS. All 
donor strains were modified at the attB site with lacZ. Asterisks indicate outcomes significantly 
different than parental versus ∆tse3 ∆tsi3. Error bars ± s.d. (n=4). **P < 0.01. (C) Western blot 
analysis of hexahistidine-tagged Tse proteins (–His6) in total and bead-associated fractions of an 
α-VSV–G immunoprecipitation of the VSV–G-fused Tsi3–SS protein from E. coli. (D) Lysis of 
EDTA-permeabilized or intact P. aeruginosa cells with equal quantities of Tse1, Tse1*, or 
Lysozyme (Ly). Lysis was normalized to a buffer control. Error bars ± s.d. (n=3). 
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Figure 2.6: Tse1 and Tse3 contribute to P. aeruginosa fitness in polymicrobial growth. 
Competitive growth of P. aeruginosa against P. putida on solid (open circles) or in liquid (filled 
circles) medium. Competition outcome was defined as the c.f.u. ratio (P. aeruginosa/P. putida) 
divided by the initial ratio. The dotted line represents the boundary between competitions that 
increase in P. aeruginosa relative to P. putida (above the line) and those that increase in P. 
putida relative to P. aeruginosa (below the line). The parental strain used in this experiment was 
P. aeruginosa PAO1. Asterisks above competitions denote those where the outcome (P. 
aeruginosa/P. putida) was significantly less than the parental (P < 0.05). Horizontal bars denote 
the average value for each dataset (n=5).  
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Figure 2.7: Proposed mechanism of T6S-dependent delivery of effector proteins. The 
schematic depicts the junction between competing bacteria, with a donor cell delivering the Tse 
effector proteins through the T6S apparatus (grey tube) to recipient cell periplasm. Effector and 
immunity proteins are shown as circles and rounded rectangles, respectively. Bonds in the 
peptidoglycan that are predicted targets of the effector proteins are highlighted (red).  Cytoplasm 
(C), inner membrane (IM), periplasm (P), and outer membrane (OM) of both bacteria are shown. 
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ABSTRACT 

Sophisticated pathways facilitate information exchange between interfacing bacteria. A type VI 

secretion system (T6SS) of Pseudomonas aeruginosa was shown to deliver cell wall-targeting 

effectors to neighboring cells. However, the generality of bacteriolytic effectors, and moreover, 

of antibacterial T6S, remained unknown. Here we discovered a phylogenetically disperse 

superfamily of T6S associated peptidoglycan-degrading effectors.  These were identified 

informatically using parameters derived from experimentally validated members. The effectors 

separate into four families, which we demonstrate are composed of peptidoglycan amidase 

enzymes of differing specificities. We observe that effectors strictly co-occur with cognate 

immunity proteins, indicating that self-intoxication is a general property of antibacterial T6SSs 

and effector delivery by the system exerts a strong selective force in nature. The presence of 

antibacterial effectors in a plethora of organisms, including many that inhabit or infect 

polymicrobial niches in the human body, suggests that the system could mediate interbacterial 

interactions of both environmental and clinical significance. 

 

INTRODUCTION 

Bacteria are under immense competitive pressure for limited resources, which has shaped the 

evolution of a number of antagonistic antibacterial pathways (62, 99, 100). These pathways often 

target conserved processes that are not easily modified. One such target is bacterial cell wall 

peptidoglycan, a structure that is essential for maintaining osmotic stability and cell shape (18). 

Despite its many variations, the fundamental structure of peptidoglycan is highly conserved 

throughout the domain Bacteria. The Gram-negative cell wall is sequestered from the 

extracellular milieu by an outer membrane; nevertheless, some cell wall-targeting molecules can 
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overcome this barrier. For example colicin M, which degrades peptidoglycan precursors, or 

pesticin, which degrades the mature sacculus (65, 101). 

 

The type VI secretion system (T6SS) of Gram-negative bacteria is a contact-dependent protein 

translocation apparatus that resembles an inverted bacteriophage puncturing device (57, 102-

104). The system has recently been demonstrated to act as a pathway for the delivery of 

antagonistic effectors to adjacent bacteria (14, 105). This finding is consistent with the structural 

homology of the system to bacteriophage, as both effector delivery and phage entry appear to 

occur in an analogous fashion. Proteins delivered to bacteria by this system include Tse1-3 (type 

VI secretion exported 1-3), substrates of the hemolysin co-regulated protein secretion island I-

encoded T6SS of Pseudomonas aeruginosa (H1-T6SS) (14). Tse1 and Tse3 are bacteriolytic 

enzymes that degrade the peptidoglycan of recipient bacteria, whereas Tse2 is bacteriostatic 

through an unknown mechanism (105).  

 

Unlike other peptidoglycan-targeting molecules that affect Gram-negative bacteria, Tse1 and 

Tse3 have no intrinsic means of translocating the outer membrane. These effectors instead rely 

on the T6S apparatus for delivery to the periplasmic compartment of recipient cells. Within the 

periplasm, Tse1, as a cell wall amidase, cleaves the γ-D-glutamyl-L-meso-diaminopimelic acid 

bond, while Tse3, as a muramidase, hydrolyzes the β(1,4) linkage between N-acetylmuramic 

acid and N-acetyglucosamine (105). Both Tse1 and Tse3 appear to transit through the T6S 

apparatus in one step, bypassing the periplasmic space of the donor cell. This prevents the 

producing cell from intoxicating itself with Tse1 or Tse3 in transit. However, the H1-T6SS of P. 

aeruginosa can target neighboring, clonal, P. aeruginosa cells (14). Due to the ability of the H1-
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T6SS to engage in self-targeting interactions, P. aeruginosa cells can intoxicate one-another via 

T6SS-delivered effectors. This intercellular self-intoxication is overcome through the production 

of specific cognate immunity proteins, Tsi1 and Tsi3, which reside in the periplasmic 

compartment and protect against the activities of Tse1 and Tse3, respectively (105, 106).  

 

Thus far many of our mechanistic insights into bacteria-targeting T6S derive from the H1-T6SS 

and its substrates. Without further understanding obtained from the identification of other T6SS 

substrates, it remains unclear whether these insights are generally applicable. For example, our 

laboratory previously demonstrated that T6SS-1 of the soil saprophyte Burkholderia 

thailandensis provides cell contact-dependent fitness to the organism during growth competition 

assays against certain Gram-negative bacteria (58).  The specific effector proteins utilized by 

T6SS-1, and for several other demonstrated antibacterial T6SSs, have yet to be defined (60, 107). 

Therefore, a major bottleneck in the study of bacteria-targeting T6S is the identification of the 

substrates that mediate T6S-dependent effects. 

 

Both bioinformatic and traditional experimental approaches have been fruitful in the 

identification of novel proteins exported by alternative bacterial secretion pathways. However, 

the application of such approaches to the identification of T6S substrates is complicated by the 

fact that determinants for passage through the T6S apparatus are not currently apparent and the 

pathway is repressed under standard laboratory conditions in many organisms (108, 109). Here 

we sought to develop a general method for the identification of antibacterial T6S substrates. We 

initiated our study by defining substrates of B. thailandensis T6SS-1 using mass spectrometry 

(MS).  Analysis of these data revealed characteristics shared between a B. thailandensis T6SS-1 
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substrate and proteins previously found to transit the H1-T6SS of P. aeruginosa. These 

commonalities were exploited to develop a heuristic informatic approach for the large-scale 

identification of T6S substrates. With this approach, we discovered a phylogenetically diverse 

and broadly distributed superfamily of T6S effectors. Our findings reveal a general paradigm 

describing the mechanism of interbacterial T6S, and suggest that it plays a broad role in shaping 

clinically- and environmentally-relevant microbial communities. 

 
RESULTS 

Identification and genomic analysis of T6SS-1 substrates 

In an effort to deepen our understanding of interbacterial T6S effector function, we sought to 

define the substrates of B. thailandensis T6SS-1 (58). To this end, we first established a 

reference secretome using wild-type B. thailandensis. While the T6SS ultimately translocates 

proteins into a recipient cell, previous studies utilizing mass spectrometry have demonstrated that 

effector proteins are spuriously shed into the extracellular milleux. Using MS, we identified a 

total of 232 proteins in the supernatant fraction of log phase cultures. Of these, 114 were present 

in each of the three replicates conducted (Table 3.1). This variability stems from low-abundance 

proteins; the average spectral count of variably present proteins was < 20% (8 spectral counts 

(SC)) of those detected in all replicates (43 SC). Based on this correlation, we did not include 

variably present proteins in further analyses. 

 

Next we determined the secretome of B. thailandensis ∆T6SS-1 and compared it to the wild-type 

reference. This analysis identified 13 proteins reproducibly absent from the ∆T6SS-1 secretome 

(Figure 3.1A and Table 3.1).  The absence of these proteins appeared specific, as their average 

abundance was high (34 SC) and the secretion of the remaining reference secretome proteins was 
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largely unaffected in the mutant strain. Our observations also appeared relevant to T6S, as only 

two of the proteins are predicted substrates of alternative secretory pathways and four are VgrG 

homologs (Table 3.1). To determine the specificity of these proteins for export by T6SS-1, we 

also measured the secretome of a B. thailandensis strain with an inactivating mutation in another 

of its five T6SSs. We chose T6SS-5 for this experiment, as this system is the only other to have 

been linked to a phenotype – attenuated virulence in mammalian infection models – in B. 

thailandensis and closely related organisms (58, 110, 111). Notably, none of the 13 proteins 

dependent upon T6SS-1 for export were absent or found in significantly lower abundance in the 

∆T6SS-5 secretome (Figure 3.1B). Finally, the secretome of a strain inactivated in all five T6SSs 

(∆T6S) lacked only one protein in addition to those that were T6SS-1-dependent (Figure 3.1C).  

From these data, we conclude that T6SS-1 is specifically required for the export of at least 13 

proteins from B. thailandensis.  Furthermore, our analyses demonstrate that the remaining B. 

thailandensis T6SSs may be quiescent with regard to substrate export under in vitro conditions. 

 

Substrate export via the T6SS is thought to occur in a Sec-independent fashion. Thus, the lack of 

two proteins, BTH_II0639 and BTH_I2723, containing predicted N-terminal signal peptides 

from the ∆T6SS-1 secretome is most likely explained by pleiotropic effects, potentially 

stemming from regulatory affects of effector retention in the cytoplasm or inability to assemble 

an active T6SS apparatus, rather than their direct reliance upon T6SS-1 for export. In light of 

these data, we do not classify these proteins as putative T6SS-1 substrates in this report. 

 

The genes encoding the remaining 11 proteins requiring B. thailandensis T6SS-1 for export 

clustered non-randomly in the genome. Five are found within a single gene cluster, and four 
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others are distributed among the two copies of a region of the genome that apparently underwent 

a recent duplication event (Figure 3.1D). This duplication event gave rise to two vgrG genes 

encoding identical VgrG proteins, making it impossible to determine the relative contributions of 

these loci to the secreted protein we observe using MS (Table 3.1). 

 

Several of the putative T6SS-1 substrates have predicted functions consistent with the known 

role of T6SS-1 in mediating interbacterial interactions. Structure-based algorithms predict 

extensive structural similarity between two of the proteins, BTH_II0310 and BTH_I2691, and 

bacteriocins LlpA and colicin Ia, respectively (112, 113). Although to our knowledge there is no 

prior experimental evidence for the secretion of a bacteriocin-like protein by a T6SS, predicted 

bacteriocins have been found in association with the T6SS (46). Particularly germane to our 

current study, we found that another putative substrate of T6SS-1, BTH_I0068, has predicted 

structural homology with peptidoglycan amidase enzymes (114). This is of interest, as our 

laboratory previously showed Tse1, an antibacterial effector of the H1-T6SS of P. aeruginosa, 

acts as a peptidoglycan-degrading amidase (105). Given the genetic linkage and predicted 

antibacterial properties of many of the putative B. thailandensis substrates, it is likely that these 

proteins are extracellular components or effectors of T6SS-1. In our effort to better understand 

the significance of cell wall targeting T6S effectors, we decided to focus further study on 

BTH_I0068. 

  

BTH_I0068–BTH_I0069 are a T6S amidase effector–immunity pair 

BTH_I0068 has a high degree of predicted structural similarity with the CHAP family of 

peptidoglycan amidases, including catalytic cysteine and histidine residues (Figure 3.2A) (115, 
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116). These residues are also conserved in Tse1, which has predicted structural homology with 

related group of peptidoglycan amidases (NlpC/P60) (114). We observed additional similarities 

between BTH_I0068 and Tse1 beyond predicted catalytic activity. Like Tse1, BTH_I0068 lacks 

a Sec signal peptide despite its predicted function in the periplasm. Also similar to Tse1, the 

Burkholderia protein lacks regulatory domains often associated with peptidoglycan amidases.  

Finally, both proteins are encoded in predicted bicistrons with a gene encoding a periplasmic 

protein (Figure 3.1D). In the case of Tse1, this periplasmic protein is Tsi1, an immunity protein 

that specifically prevents Tse1-dependent intoxication (105). Despite their lack of significant 

primary sequence homology, these observations led us to hypothesize that BTH_I0068–

BTH_I0069 constitutes a T6S effector–immunity (EI) pair analogous to Tse1–Tsi1. 

 

To determine the extent of functional similarity between BTH_I0068 and Tse1, we first sought 

to establish whether BTH_I0068 displays amidase activity. To test this, we incubated purified 

BTH_I0068 with peptidoglycan sacculi prepared from E. coli. Subsequent muramidase digestion 

followed by HPLC and MS analysis of soluble products indicated that BTH_I0068 cleaves 

peptidoglycan tetrapeptide-tetrapeptide crosslinks at the D,D amide bond between meso-

diaminopimelic acid (mDAP) and D-alanine (Figure 3.2B). As certain species have higher 

degrees of the nascent crosslink form (tetrapeptide–pentapeptide), we also determined whether 

BTH_I0068 is able to process peptidoglycan crosslinks in this configuration. The activity of 

BTH_I0068 was not affected by the presence of the additional D-alanine residue, suggesting that 

BTH_I0068 could act broadly as an amidase to cleave peptidoglycan crosslinks (Figure 3.2C). 
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Overexpression of typical cell wall-degrading amidases is deleterious to E. coli. However, 

BTH_I0068 lacks a signal peptide and thus in the absence of the T6SS should only be toxic 

when directed to the periplasm through the addition of an N-terminal signal peptide. As 

predicted for a bacteriolytic T6S substrate analogous to Tse1, E. coli viability was reduced only 

when BTH_I0068 was artificially targeted to the periplasm (Figures 3.2D and E). 

 

Next we asked whether the predicted periplasmic protein encoded adjacent to BTH_I0068, 

BTH_I0069, functions as a cognate immunity protein – analogous to Tsi1. Co-expression 

experiments in E. coli showed that BTH_I0069 provides significant rescue to cells expressing 

BTH_I0068, whereas Tsi1 failed to provide such rescue (Figure 3.2D). Taken together, we 

conclude that BTH_I0068–BTH_I0069 define an amidase–immunity pair analogous – and not 

homologous – to P. aeruginosa Tse1–Tsi1. 

 

If BTH_I0068, like Tse1, is an effector, we reasoned that B. thailandensis should be able to 

intoxicate neighboring bacteria with the protein in a T6SS-dependent manner. We tested this by 

performing growth competition assays under cell contact-promoting conditions. These assays 

revealed that B. thailandensis recipient cells bearing a deletion of the BTH_I0068–BTH_I0069 

bicistron display a fitness defect relative to wild-type donor strains (Figure 3.2F). Recipient 

fitness was rescued either through inactivation of T6SS-1 in the donor strain or by expression of 

BTH_I0069 in the recipient cell. Together with our in vitro studies, these data demonstrate that 

BTH_I0068–BTH_I0069 constitute a T6S EI pair. Furthermore, these data suggest the model for 

T6S interbacterial effector targeting derived from studies of P. aeruginosa H1-T6SS is 
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applicable to B. thailandensis T6SS-1. We propose the name Tae2 (type VI amidase effector) for 

BTH_I0068 and Tai2 (type VI amidase immunity) for BTH_I0069. 

 

Identification of novel T6S EI pairs 

All currently defined T6SS EI pairs lack identifiable primary sequence homology. In spite of an 

inability to link EI pairs phylogenetically, certain physical and contextual properties appear 

intrinsic to their function. We hypothesized that parameters describing these properties could be 

used in a heuristic informatic method for the de novo prediction of novel EI pairs from genomic 

sequences.  Such an approach was previously successful in the identification of type III secretion 

effectors from the Pseudomonas syringae DC3000 genome (117, 118). 

 

We initiated our search by developing a comprehensive set of parameters describing 

characterized T6S EI pairs.  These include parameters common to all pairs (Figure 3.3A, 

orange), those indicative of periplasmically-targeted pairs (Figure 3.3A, blue), and those specific 

to amidase pairs (Figure 3.3A, brown). Individually, the parameters describing T6S EI pairs are 

weak in their discriminatory capacity. However, we reasoned that by restricting our search to 

amidase EI pairs, thus allowing the application of all parameters serially, we could achieve 

enrichment sufficient for computationally intensive secondary analyses. 

 

To identify novel T6S amidase EI pairs, we applied our parameters as constraints to a set of 193 

phylogenetically diverse organisms encoding T6SSs (Figure 3.3B). This procedure provided a 

group of 419 candidate EI pairs, a 99.9% reduction in the sample set. The extent of this reduction 

enabled detailed examination of each EI pair, including structure prediction analysis – already 
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established as a valuable means for identifying sequence divergent amidase effectors (105). This 

second step further reduced our set of candidate EI pairs to 16 non-orthologous pairs (Table 3.2). 

Based on genomic analyses, and biochemical and genetic experiments discussed in subsequent 

sections, we considered the pairs in this group as our set of high-confidence peptidoglycan 

amidase effectors. In the last step of our pipeline, we expanded the number of EI amidase pairs 

to 51 by searching for homologous sequences in the entire non-redundant sequence database 

(Figure 3.3B).  

 

Although our search for EI pair homologs was conducted in an unbiased dataset, with only one 

exception, all homologous pairs we identified reside in Gram-negative organisms encoding 

T6SSs. This finding is unlikely to occur through chance, as even when we consider the 

phylogenetic group most enriched in T6S, the Proteobacteria, only a minority possess the system 

(17.6%, p < 0.0001) (6).  Vertical inheritance is one factor that clearly contributes to the non-

random association between EI pairs and the T6SS.  However, we note that many homologous 

EI pairs are found both in distantly related organisms and in species with close-relatives that lack 

T6S. The only organism lacking a T6SS that we found to contain an EI pair is Salmonella 

enterica subspecies enterica serovar Paratyphi B (S. Paratyphi B); however, Blondel and 

colleagues noted the loss of T6S in this organism was a recent event (46). Importantly, all 

effector homologs in our expanded set contain sequence motifs characteristic of CHAP and 

NlpC/P60 amidase enzymes (71, 115). 
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EI pairs segregate into four families 

The 51 putative effectors discovered in our screen segregate into four families based on overall 

primary sequence homology (Figure 3.4).  These families are disparate, confounding attempts to 

place them in a phylogenetic context using full-length alignments. However, we did identify two 

relatively conserved motifs surrounding predicted catalytic residues (Figure 3.4).  Phylogenetic 

analyses based on these regions, which owing to their involvement in catalysis are subject to less 

genetic drift, yielded a tree with family assignments matching those derived from full-length 

sequence homology (Figure 3.5).   

 

The majority of the immunity proteins identified in our search mapped to EI bicistrons.  Among 

these, homologous immunity proteins distribute with homologous effectors; therefore, we 

assigned immunity proteins into families reflecting their cognate effectors.  Divergence within 

immunity protein families was considerably higher than that found within the effector families 

(Figure 3.6). This is not surprising, as functional constraints on immunity proteins (effector 

binding) are likely less restrictive than those on the effectors (immunity binding and catalysis). 

The remaining 23 immunity proteins group into two categories: those associated with EI pairs (3) 

and those coded for by orphan immunity genes (20). Immunity genes associated with EI pairs 

appear to have arisen through gene duplication events, as in each instance they belong to the 

same immunity family as the neighboring immunity gene.  In summary, we have found that the 

putative T6S effectors identified in our screen distribute coincident with cognate immunity 

proteins into four phylogenetically discernable families.  As expected based on results garnered 

from detailed studies in P. aeruginosa and B. thailandensis, this observation strongly implies 

coevolution of effector and immunity proteins (105).     
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Characterization of novel EI families 

An important feature of the informatic approach we utilized for defining novel T6S effectors is 

its lack of reliance on primary sequence homology.  While this non-sequence-biased approach 

allowed the discovery of four highly divergent families, it also increases the probability that one 

or more of these might include either peptidoglycan amidase effectors with novel catalytic 

specificity, effectors with unexpected activity, or false-positives not representing effector 

proteins.   

 

To test whether putative effector families 3 and 4 include cell wall amidase enzymes, we purified 

one member from each family and ascertained its activity towards E. coli peptidoglycan sacculi. 

Similar to Tae2, the family 3 enzyme from S. Typhi (Tae3TY) hydrolyses DD-crosslinks between 

D-mDAP and D-alanine (Figure 3.7A). In contrast, the family 4 enzyme from S. Typhimurium 

(Tae4TM) hydrolyzes peptide crosslinks at the γ-D-glutamyl-mDAP LD-bond, like Tse1 (Figure 

3.7A). However, unlike Tse1, Tae4TM cleaves acceptor and non-crosslinked tetrapeptide stems, 

and does not cleave the donor peptide stem (Figure 3.7B).  While pentapeptide-enriched 

peptidoglycan is readily degraded by Tae3TY, it is a poor substrate for Tae4TM. 

 

Having demonstrated that Tae3TY and Tae4TM are amidases, we next investigated whether these 

enzymes and their corresponding immunity proteins fit additional characteristics of T6S EI 

proteins that have emerged from studies of Tse1, Tse3, Tae2, and cognate immunity proteins. 

Consistent with previously validated effectors, we found that Tae3TY and Tae4TM are highly toxic 

when artificially directed to the periplasm of E. coli, but not when expressed in their native form 
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(Figures 3.7C and D). Also, we observed that the periplasmic proteins, Tai3TY and Tai4TM, 

encoded adjacent to tae3TY and tae4TM, respectively, could rescue this toxicity.  

 

As a final means of functionally validating the EI pairs identified by our informatics approach, 

we tested the competency of one novel effector to serve as a T6S substrate. Since most T6SSs 

are repressed under in vitro cultivation condition and there is as yet no general means of T6S 

activation, we restricted our efforts to systems with known regulation. In Pseudomonads, certain 

T6SSs are posttranscriptionally regulated by the Gac/Rsm pathway (119-122). This pathway is 

modulated by two hybrid sensor kinases, LadS and RetS, which activate and repress T6S, 

respectively. In P. aeruginosa, deletion of retS leads to constitutive effector export by the H1-

T6SS (14). 

 

P. fluorescens Pf-5 is closely related to P. aeruginosa and encodes a single T6SS that is 

regulated by the Gac/Rsm pathway (121).  Despite these similarities, P. fluorescens lacks 

homologs of H1-T6SS substrates, Tse1-3. Interestingly, our screen identified a family 3 EI pair 

in this organism (PFL_5498-PFL_5499, Tae3PF-Tai3PF), a family not represented in P. 

aeruginosa. While wild-type P. fluorescens did not secrete detectable amounts of Tae3PF, an in-

frame deletion of retS in this organism resulted in constitutive secretion of the putative effector 

(Figure 3.7E, data not shown). In order to determine if Tae3PF export occurs in a T6S-dependent 

manner, we introduced an in-frame deletion of clpV into the P. fluorescens ∆retS background. 

This deletion abrogated secretion, demonstrating that Tae3PF is a substrate of the P. fluorescens 

T6SS. In total, these data strongly suggest that the proteins identified in our screen include four 
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evolutionarily distinct amidase families that act, along with their cognate immunity proteins, as 

T6S EI pairs. 

 

EI diversity reflects function  

Immunity proteins from bacteria-targeting pathways such as bacteriocins and CDI systems tend 

to provide specific protection against only their cognate toxins (61, 123, 124). If immunity to 

effector Families 1-4 behaves in an analogous fashion we would expect that there would not be 

cross-complementation of immunity proteins between families, even for those effector families 

with overlapping enzymatic activity. When we test all combinations of confirmed EI pairs we 

observe that contrary to this model, one of the immunity proteins can provide significant 

protection against two effector families (Figure 3.8A). Specifically, the Tai3TY immunity protein 

protects against the B. thailandensis Tae2 (Tae2BT) effector in addition to its cognate Tae3TY 

effector. The Tai2BT immunity protein does not protect against the Tae3TY effector, indicating 

that immunity does not hold for the inverse configuration.  

 

As both Tae2BT and Tae3TY have identical activity, Tai3TY could be capable of broadly 

neutralizing all DD-endopeptidases. To examine this possibility we used another Tae2 homolog 

present in S. Typhi (Tae2TY). Tai3TY is unable to rescue E. coli expressing periplasmic Tae2TY, 

demonstrating that cross-family immunity between T6SS effector families can be specific 

(Figure 3.8B. The non-overlapping immunity spectra provided by Tai2TY and Tai3TY is 

consistent with the presence of both genes in S. Typhi; if Tai3TY provided immunity to both 

Tae2TYand Tae3TY there would be no pressure to retain Tai2TY. Furthermore, the finding that 
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immunity to effectors is specific demonstrates that even effector families that are identical in 

catalytic activity are not redundant in function.  

 

As the differences between effector families are adaptive, we sought to determine whether the 

variation within effector families also represents functional diversity. Given the observation that 

Tai3TY provides immunity differentially to Tae2BT and Tae2TY we began by testing whether the 

cognate immunity proteins of these two effector homologs have the capacity – unlike Tai3TY – to 

neutralize the toxic activity of both effectors. Our data show that Tai2TY does not provide 

immunity to Tae2BT, and that Tai2BT also does not protect against Tae2TY (Figure 3.8C). This 

demonstrates that even though Tae2TY and Tae2BT are homologs, their neutralization pattern with 

respect to varying immunity proteins differs. However, we did observe instances of cross-

reactivity of cognate immunity proteins between effectors within the same family. Both Tsi1 

from P. aeruginosa (Tsi1PA) and Burkholdeira phytofirmans Tsi1 (Tsi1BP) can rescue cells from 

the toxicity of Tse1PA, albeit rescue by the latter is less efficient (Figure 3.8D).  

 

We have found that the diversity in effector sequence is adaptive, not only with regard to 

catalytic activity, but also in terms of immunity protein recognition. This observation extends 

from inter-family to intra-family diversity, indicating that there is not a stringent selection to 

maintain identical EI interactions. In contrast, the ability of one immunity protein to neutralize 

non-homologous effectors suggests that there has been selection for cross-immunity.   
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Distribution of effector and immunity proteins 

The T6S amidase EI pairs are found among β-, δ-, and γ-proteobacteria.  As depicted in Figure 

3.9, they are particularly prevalent in the Enterobacteriaceae, Pseudomonadaceae, and the 

Burkholderiales. EI pairs appear to be inherited both vertically and horizontally within 

phylogenetic groups, resulting in a discontinuous distribution of the families. Although the pairs 

occupy a variety of genomic contexts, at least one member of Families 2-4 is encoded within a 

T6S gene cluster (Figure 3.10). Within T6S gene clusters, EI pairs are often encoded adjacent to 

hcp genes. For one family 4 pair, this association also extends to members encoded by genes 

outside of T6S gene clusters. Close association of hcp with EI pair loci is consistent with the 

previous finding that a T6S-exported protein of Edwardsiella tarda, EvpP, directly interacts with 

an Hcp protein (125).  

 

Interestingly, certain homologous EI pairs appear to be recognized by disparate T6SSs. For 

example, Tae2BT has been experimentally demonstrated to require T6SS-1 for export (Figures 

3.1 and 3.2), whereas tae2TY is located within Salmonella pathogenicity island 6 (SPI-6) – the 

only T6SS present in this organism (Figure 3.10).  While the effectors belong to the same family, 

their associated T6SSs are distantly related. The secretion of multiple effector families by a 

single secretion system also appears to occur. The genomes of several S. enterica serovars 

containing only the SPI-6 T6SS encode EI pair Families 2-4 (46). In total, these data strongly 

suggests that a single effector family can be secreted by divergent T6SSs and that a single T6SS 

can utilize a diversity of amidase effectors. 
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A critical observation made in our study is that effector proteins strictly co-occur with cognate 

immunity proteins (Figure 3.9). As peptidoglycan amidase effectors are toxic only in the 

periplasm, and they access that space exclusively by intercellular transfer through the T6S 

apparatus, the co-occurrence of effectors with immunity proteins demonstrates a strong selection 

due to active self-intoxication. The only exception we observed is that in certain B. mallei strains 

Tai2 is encoded by an apparent pseudogene, while the adjacent tae2 locus remains intact. 

Importantly, the T6SS responsible for intercellular delivery of Tae2, T6SS-1 (based on B. 

thailandensis orthologs), is mutationally inactivated in B. mallei (57, 58). This example further 

underscores the generality of selection for immunity via the process of self-intoxication. 

 

In contrast to our observation that effector genes always co-occur with immunity genes, 27% of 

the immunity proteins we identified were not encoded adjacent to intact effector genes (Figure 

3.10). This argues that there is a selective pressure to retain immunity even in the absence of 

cognate effectors, and thus supports a role for T6S in antagonistic interspecies interactions. 

Notable examples of this phenomenon are found in pathogens that inhabit polymicrobial 

environments at some stage of their life cycle, such as Yersinia pestis and S. Typhimurium. 

 

DISCUSSION 

We have developed and implemented a sequence homology-independent means for confidently 

identifying T6S effectors from bacterial genomes. Using this approach, we discovered four 

broadly distributed, phylogenetically distinct families of T6S amidase EI pairs. Given current 

limitations in identifying T6S effectors through strictly experimental means, this method stands 

to significantly increase our ability to study the functional significance of the system.  Our 
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findings have already led to several key insights into the mechanism, function, and evolutionary 

significance of T6S. While our current approach enriches for effectors with amidase function, the 

heuristic nature of our method allows for the addition of parameters as they become known. This 

could allow the removal of constraints specific to enzymatic activity, thereby facilitating the 

discovery of novel effector types.  

 

Structural variability in peptidoglycan can provide protection against lytic proteins (126). As 

Gram-positive organisms lack an outer membrane, this protection is considered critical to their 

survival in certain environments (127). Our work has demonstrated that the peptidoglycan of 

Gram-negative bacteria may also be subject to frequent attack via T6S. Thus, modifications to its 

structure, such as D-amino acid substitutions and changes to the crosslink position, might serve a 

protective role against T6S amidase enzymes (128-130). Interestingly, our analyses of T6S cell 

wall effectors have revealed distinct cleavage specificities against Gram-negative peptidoglycan. 

The selection for variable specificity could be indicative of a molecular arms race occurring 

between donor and recipient bacteria.  

 

Thus far we cannot reliably predict non-cognate effector recognition by immunity proteins. We 

observe instances that violate the simple model that effector relatedness correlates to immunity 

recognition. This could be explained by a conserved interaction site on the effector protein that 

binds highly divergent immunity proteins. Alternatively, effector inactivation might proceed 

through non-conserved immunity protein interactions, and even through non-conserved 

mechanisms. In this case, homology may be a poor predictor of binding because residue 

positions participating in the EI interface could differ. Structural insights into EI interaction will 
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be critical for developing an accurate molecular model of the interplay between effector and 

immunity sequence variation. 

 

A relatively non-discriminating interbacterial EI pathway such as the T6SS has the potential to 

assist in our comprehension of bacterial interaction networks and community structure. The 

implications of orphan immunity proteins might be most easily interpreted, as these proteins are 

presumably present only for defensive purposes. For example, the presence of an orphan 

immunity protein within one organism that has evolved to specifically recognize an effector 

encoded by a second organism, suggests that these two organisms compete and interface in their 

natural environment. Likewise, dissimilar organisms with a matching repertoire of T6S EI pairs 

might cooperate, and related organisms with incompatible pairs may not. At a cursory level, the 

distribution and diversity of T6S EI pairs is consistent with expectations. In general, we observe 

an enrichment of EI pairs in organisms that occupy habitats with relatively dense and rich 

populations of bacteria, such as the soil and the gastrointestinal tract (GI tract) (131, 132). This 

trend also holds for pathogens; EI pairs are overrepresented in pathogens that colonize 

polymicrobial sites such as the GI tract and chronic wounds in comparison to those that elicit 

disease from sterile sites. Whether the T6S EI pairs of pathogens are adaptive for life within the 

host, persistence in the environment, or a combination of these, remains to be determined. 

 

The divergence of effector recognition by immunity proteins both within and between effector 

families suggests that T6S effector loci might drive speciation and kin-recognition. The 

evolution or acquisition of novel EI pairs, incompatible with the ancestral EI pair, would render 

strains incapable of cooperating in the formation of multicellular aggregates with those carrying 
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the ancestral locus. This would produce a barrier to the flow of genetic information between 

strains and potentially allow for the divergence of species (133, 134). EI loci might also function 

in kin discrimination, allowing bacteria to exclude non-kin organisms from their local 

environment and thus prevent those organisms from benefitting from the production of common 

goods (135). In either case further study will be required to ascertain the role of EI loci in 

sociomicrobiology and community organization. 

 

MATERIALS AND METHODS 

Bacterial Strains, Plasmids, and Growth Conditions 

B. thailandensis strains used in this study were derived from the sequenced strain E264 (136). B. 

thailandensis strains were grown on either Luria-Bertani media (LB), or the equivalent lacking 

additional NaCl (LB low salt (LB-LS): 10 g bactopeptone and 5 g yeast extract per liter) at 37 °C 

supplemented with 200 µg ml-1 trimethoprim, 100 µg ml-1 ampicillin, 2000 µg ml-1 zeocin, or 25 

µg ml-1 irgasan where necessary. For introducing in-frame deletions, B. thailandensis was grown 

on M9 minimal medium agar plates with 0.4% glucose as a carbon source and 0.1% (w/v) p-

chlorophenylalanine for counter-selection (137). P. fluorescens strains used in this study were 

derived from the sequenced strain Pf-5 (138). P. fluorescens strains were grown on LB at 30 °C 

supplemented with 25 µg ml-1 irgasan, 10 µg ml-1 gentamycin, and stated concentrations of IPTG 

as required. 

 

E. coli strains included in this study included DH5α for plasmid maintenance, BL21 pLysS for 

expression of effectors for toxicity assays, SM10 for conjugal transfer of plasmids into P. 

fluorescens, and Shuffle T7 pLysS Express (New England Biolabs), for purification of effectors. 
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All E. coli strains were grown on either LB or LB-LS at 37 °C supplemented with 150 µg ml-1 

carbenicillin, 50 µg ml-1 kanamycin, 30 µg ml-1 chloramphenicol, 200 µg ml-1 trimethoprim, 

0.1% rhamnose, and stated concentrations of IPTG as required. 

 

Plasmid Construction 

Plasmids used for expression were pSCrhaB2 for B. thailandensis, pPSV35CV for P. 

fluorescens, and pET29b+ (Novagen), pET22b+ (Novagen), and pSCrhaB2 for E. coli (84, 85). 

In-frame chromosomal deletions in B. thailadensis were made utilizing a previously-described 

suicide plasmid, pJRC115 (137). Strains bearing inactivating mutations in B. thailandensis 

T6SSs for secretome analysis and competition experiments were described in a previous study 

(58). In-frame chromosomal deletions in P. flourescens were made using the pEXG2 suicide 

vector as previously described for P. aeruginosa (42). The plasmids pJRC115, pSCrhab2, 

pPSV35-CV, and pEXG2 have been described previously (84, 137).   

 

E. coli pET29b+ effector expression vectors were constructed by amplification of effector genes 

and subsequent cloning into NdeI/XhoI restriction sites, creating an in-frame C-terminal fusion 

with a His5 epitope tag. E. coli pET22b+ expression vectors were constructed using BamHI/XhoI 

restriction sites creating an in-frame N-terminal fusion to the PelB signal peptide and a C-

terminal fusion with a His5 epitope tag. pSCrhaB2 immunity expression vectors were constructed 

by first cloning a VSV-G epitope linker into an XbaI site and subsequently cloning immunity 

genes into NdeI/XbaI sites, creating C-terminal fusions with the VSV-G epitope tag. The P. 

fluorescens PFL_5498 (tae3PF) expression vector was generated through amplification of 

PFL_5498 and subsequent cloning into pPSV35CV using SacI/XbaI restriction sites, creating a 
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C-terminal fusion with a VSV-G epitope tag. Effector and immunity genes amplified from 

genomic DNA of B. thailadensis E264, S. Typhimurium LT2, S. Typhi Ty2, P. aeruginosa 

PAO1, and P. fluorescens PF-5. For the ΔBTH_I0068-BTH_I0069 (tae2-tai2BT), ΔPFL_0664 

(retS), and ΔPFL_6093 (clpV) deletion constructs 600 bp upstream and 600 bp downstream of 

the indicated genes was amplified and ligated together using SOE PCR (87). For the 

ΔBTH_I0068-BTH_I0069 construct this product was then cloned into pJRC115 using 

XbaI/HindIII restriction sites. For the ΔPFL_0664 and ΔPFL_6093 constructs products were 

cloned into pEXG2 using EcoRI/XbaI and HindIII/XbaI sites respectively.  

 

Strain Construction 

In-frame chromosomal deletions in B. thailandensis were made utilizing a previously-described 

suicide plasmid, pJRC115 (137). Strains bearing inactivating mutations in B. thailandensis 

T6SSs for secretome analysis and competition experiments were described in a previous study 

(58). In-frame chromosomal deletions in P. flourescens were made using the pEXG2 suicide 

vector as previously described for P. aeruginosa (42).  

 

E. coli Toxicity Measurements  

Overnight cultures of E. coli BL21 plysS harboring expression constructs for native (pET29b+) 

or periplasmic (pET22b+) effector proteins and immunity (pSCrhab2) proteins as indicated were 

diluted in LB to 106 as 10-fold dilutions for pictures, or 2-, 3-, and 10-fold dilutions to 26, 36, and 

106 respectively for plate counts. These dilutions were spotted on LB-LS 3% agar with either 

IPTG or IPTG and rhamnose. For comparisons of native expression to periplasmic expression, 

cells were induced with either 100µM (Tse1PA, Tae2Ty, Tae3TY, Tae3TM) or 40µM (Tae2BT) 
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IPTG. For effector–immunity assays cells were induced with 0.1% rhamnose and either 15µM 

(Figures 3.2D, 3.7C, 3.8A, and 3.8C), 50 µM (Figure 3.8B), 10 µM, or 25µM IPTG (Figure 

3.8D). All pictures and plate counts were taken between 20 and 26 hours after plating.  Statistical 

analyses performed using a one-tailed Student's T-test. 

 

Bioinformatics Screen 

A small set of predicted toxin/immunity gene pairs were used in a bioinformatics search of type 

VI secretion positive genomes for bicistronic operons that may encode EI pairs. The 193 

genomes used in the initial steps of this screen consisted of sequenced strains of species whose 

genomes were previously confirmed to encode T6SSs (58). Annotation files from NCBI 

(ftp://ftp.ncbi.nih.gov/genomes/Bacteria/) were screened using a custom Perl script to find 

candidate effector/immunity pairs occurring as bicistronic genes. The properties of the candidate 

effector protein were (1) pI > 8, (2) a predicted signal sequence, (3) a sequence motif consisting 

of cysteine and histidine residues separated by 40 to 70 residues, and (4) a sequence length under 

200 amino acid residues. The candidate immunity protein was required to have a predicted signal 

sequence and a sequence length under 200 residues. Criteria for what constituted a bicistronic 

pair of genes were empirically determined by selecting parameters that did not eliminate any of 

the initial set of positive candidates. The parameters used were two consecutive cistronic genes 

of length less than 600 nucleotides, separated by no more than 50 nucleotides and surrounded by 

genes no closer than 20 nucleotides for genes on the same strand. Signal sequence prediction was 

obtained using SignalP 3.0 (139). The isoelectric point was determined for the entire annotated 

protein sequence using Compute pI/Mw (http://web.expasy.org/compute_pi/pi_tool-doc.html). 

Protein sequences that met the effector gene criteria of this screen were evaluated for potential 
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amidase activity using Phyre 2 structure prediction or HHpred homology detection (70, 140). A 

tblastn search of the NCBI non-redundant nucleotide (nr) database 

(ftp://ftp.ncbi.nih.gov/blast/db/) for homologs of our initial sixteen candidate effector and 

immunity proteins was performed to expand families to include all unique instances of 

homologous effector and immunity proteins. A search for the prevalence of T6S in sequenced 

Proteobacterial genomes was performed on 1875 fully-sequenced and assembled genomes 

(ftp://ftp.ncbi.nih.gov/genbank/genomes/Bacteria/) using a pblast search for matches to TssK or 

TssJ from P. fluorescens Pf-5 with an expect value cutoff of 10-7. Statistical analysis of the 

probability of the co-occurrence of T6SSs and EI pairs was performed assuming a binomial 

distribution of T6S in genomes containing EI pairs.   

 

MS sample preparation and analysis  

Three biological replicates of wild-type samples were used to establish the reference secretome 

of B. thailandensis. All T6S mutants were analyzed as biological duplicates. For proteomic 

analysis, samples were reduced, alkylated and trypsin-digested. Peptides were extracted and 

analyzed by LC-MS/MS on a LTQ-Orbitrap hybrid mass spectrometer (Thermo Fisher) as 

described elsewhere (14). Each biological sample was analyzed in triplicate. Data was searched 

against the Burkholderia thailandensis strain E264 database (www.burkholderia.com) using the 

Sequest algorithm (141). Search results were validated with PeptideProphet and ProteinProphet 

software programs. The relative abundance for each identified protein was calculated using the 

spectral counting technique (142). Spectral count for each protein was normalized to total 

spectral counts in the sample. Average spectral counts of values of all biological and technical 
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replicates were used for further analysis. An empirically determined threshold of 11 spectral 

counts was used to curate the reference B. thailandensis secretome. 

 

Enzymatic Assay 

Purified peptidoglycan sacculi (300 µg) from E. coli D456 (tetrapeptide enriched) (143), CS703-

1 (pentapeptide enriched) (143), or MC1061 (only tetrapeptide) (94) were incubated with 

Tae2BT, Tae2TY, Tae3TY or Tae4TM (100 µg/ml) in 300 ml of  20 mM Tris/HCl, pH 8.0 for 4 h at 

37°C. A sample with enzyme buffer instead of enzyme served as a control. The pH was adjusted 

to 4.8 and the sample was incubated with 40 µg/ml of the muramidase cellosyl (kindly provided 

by Höchst AG, Frankfurt, Germany) for 16 h at 37°C to convert the residual peptidoglycan or 

solubilized fragments into muropeptides. The sample was boiled for 10 min and insoluble 

material was removed by brief centrifugation. The reduced muropeptides were reduced with 

sodium borohydride and analysed by HPLC as described (94). Product fractions E and F (Fig. 

4A) of the Tae4TM sample were collected, concentrated in a SpeedVac, acidified by 1% 

trifluoroacetic acid and analysed by offline electrospray mass spectrometry on a Finnigan LTQ-

FT mass spectrometer (ThermoElectron, Bremen, Germany) as described (95) (data not shown). 
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Table 3.1: Summary of proteins identified in the B. thailandensis secretome by mass 
spectrometry. 

      Average spectral countb   

Locus Tag Annotation Unique 
peptidesa 

Wild-
type ∆T6SS-1 ∆T6SS-5 ∆T6S Signal 

sequencec 

BTH_I2962 Unnamed protein product; Similar to Hcp 
protein 13 418 16 491.5 28 N 

BTH_II1925 Chitin binding domain protein 21 403.33 375.5 453 346.5 N 

BTH_I2402 Chitinase family 18 (EC:3.2.1.14) 9 333.33 52.5 315.5 252.5 N 

BTH_II1834 LasA protease precursor 15 205 32 161 86.5 Y 

BTH_II1578 Microbial collagenase, putative 24 199.67 89 170 174.5 N 

BTH_II0783 Hypothetical protein 13 186.33 44 133.5 109 N 

BTH_II2112 Lipoprotein, putative 14 158.67 64 137 137 Y 

BTH_I1515 Hypothetical protein 24 157 80.5 160 106 Y 

BTH_I2945 Peptidase, M1 family 23 139 117 135.5 130 N 

BTH_I1458 Chaperonin GroEL 21 112 89 75 123.5 N 

BTH_I3070 Translation elongation factor Tu 17 109.33 71.5 95 147 N 

BTH_II0380 Dipeptidyl-peptidase IV (EC 3.4.14.11). 
Serine peptidase. MEROPS family S15 19 88.33 47.5 77 76.5 N 

BTH_I1933 Hypothetical protein 3 86.67 76.5 120 100.5 Y 

BTH_I1421 Serine-type carboxypeptidase family 
protein 15 84.33 49.5 84 81.5 Y 

BTH_II1306 
Carbohydrate ABC transporter substrate-

binding protein, CUT1 family (TC 
3.A.1.1.-) 

14 80 57.5 87.5 92 Y 

BTH_II0517 Hypothetical protein 10 66.67 34.5 63.5 60.5 Y 

BTH_I3071 Translation elongation factor 2 (EF-2/EF-
G) 19 65.67 37 53 75.5 N 

BTH_II0089d,e Rhs element Vgr protein, putative 19 62.67 0 69.5 0 N 

BTH_I3225 Rhs element Vgr protein, putative 19 62.67 0 69.5 0 N 

BTH_II1851 Metallopeptidase domain protein 11 61 17 49.5 45 Y 

BTH_II1872 Levansucrase 15 60.33 30.5 44 38 Y 

BTH_I3226f Hypothetical protein 11 57.33 0 54 0 N 

BTH_II0090 Hypothetical protein 11 57.33 0 54 0 N 

BTH_I2044 Serine protease, subtilase family 14 53 27 49 47 N 

BTH_II1069 gp28 14 46 53 41 47.5 N 

BTH_I2697 Rhs element Vgr protein, putative 13 45.33 0 45.5 0 N 

BTH_II1544 Flagellar hook-associated protein 2 8 44.67 41.5 142 95.5 N 

BTH_II0113 PqaA 17 44 11.5 49 42.5 Y 

BTH_II1243 Putative ABC transporter ATP-binding 
protein 11 43.67 30 42 36 Y 

BTH_I2693 Rhs element Vgr protein, putative 12 39 0 30.5 0 N 

BTH_I2705 Rhs element Vgr protein 13 38 0 26 0 N 

BTH_II1852 Leucyl aminopeptidase (EC 3.4.11.10). 
Metallo peptidase. MEROPS family M28E 11 37.33 17 94 45.5 Y 

BTH_I0955 Heat shock protein HtpG 12 33.33 29.5 26.5 32 N 

BTH_II0658 Malate dehydrogenase (NAD) (EC 
1.1.1.37) 10 33 17.5 32 46.5 N 

BTH_I0068 Hypothetical protein 7 31.94 0 33.5 0 N 
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BTH_I0646 Succinyl-CoA synthase, beta subunit 8 30 25.5 25.5 20.5 N 

BTH_I0261 Hypothetical protein 8 30 35 24 42.5 Y 

BTH_I3196 Flagellin 6 29.33 16 99 58 N 

BTH_I0233 Lytic murein transglycosylase, putative 10 28.67 20 35 32.5 Y 

BTH_I1633 Hypothetical protein 8 28.33 35.5 23.5 29 Y 

BTH_I2092 Antioxidant, AhpC/Tsa family 6 27.67 25 23.5 32 N 

BTH_I2691 Hypothetical protein 9 27 0 22 0 N 

BTH_I1638 SSU ribosomal protein S1P 11 26.67 28 13 31 N 

BTH_I2723 Filamentous haemagglutinin 9 25.33 0 11.5 0 Y 

BTH_II0720 Hypothetical protein 6 25 6.5 19 19 Y 

BTH_I0967 Cytochrome c family protein 5 23 37 26 21.5 Y 

BTH_I1783 
Amino acid ABC transporter substrate-

binding protein, PAAT family (TC 
3.A.1.3.-) 

7 22.67 11.5 18.5 24.5 Y 

BTH_I3308 ATP synthase F1 subcomplex beta subunit 9 22.67 27.5 12.5 46 N 

BTH_I1830 Hypothetical protein 4 22.33 0 17.5 0 N 

BTH_I1431 Hypothetical protein 6 21.33 17 21.5 12.5 Y 

BTH_I1434 Activator protein, putative 3 21.33 28 23 15 Y 

BTH_I1457 Chaperonin, 10 kDa 6 20.67 36 17.5 21.5 N 

BTH_I3300 
Amino acid/amide ABC transporter 

substrate-binding protein, HAAT family 
(TC 3.A.1.4.-) 

7 20 25 14.5 32 Y 

BTH_I1308 Chaperone protein DnaK 7 19 11.5 15.5 22 N 

BTH_I2028 Tanslation elongation factor Ts (EF-Ts) 6 18.33 7 19.5 22.5 N 

BTH_I0759 Isocitrate dehydrogenase (NADP) (EC 
1.1.1.42) 6 18.33 17.5 11.5 20.5 N 

BTH_I0643 RecA protein 5 18 5.5 21 14.5 N 

BTH_I2231 Nucleoside diphosphate kinase 4 18 12 20 36 N 

BTH_I3310 ATP synthase F1 subcomplex alpha 
subunit 6 18 16 18 19 N 

BTH_II2339 Lipase 5 17.67 7 5.5 0 Y 

BTH_II0227 Hypothetical protein 5 17.67 11 20 22.5 N 

BTH_II1016 gp42 8 17.33 16 8.5 28 N 

BTH_II1054 Phage tail assembly chaperone 5 17.33 29.5 11.5 23.5 N 

BTH_II2037 Aromatic amino acid aminotransferase 
apoenzyme (EC 2.6.1.57) 7 16.33 0 14 0 N 

BTH_I1654 Electron transfer flavoprotein, alpha 
subunit 5 16.33 11 15.5 19 N 

BTH_II0639 Lipase 5 16.33 20.5 18 23.5 Y 

BTH_II1224 CmaB 6 16.33 30 12 33.5 N 

BTH_II1015 gp41 4 16 10.5 12.5 16.5 N 

BTH_I0564 Acyl-CoA dehydrogenase domain protein 6 15 14 18 22 N 

BTH_I0647 Succinyl-CoA synthetase (ADP-forming) 
alpha subunit (EC 6.2.1.5) 5 15 23 15 37 N 

BTH_I2668 Beta-N-Acetylglucosaminidase 6 14.67 5 16 6.5 N 

BTH_II0665 Citrate synthase (EC 2.3.3.1) 7 14.67 13 12 21.5 N 

BTH_I1894 Enolase (EC 4.2.1.11) 6 14.33 10 7.5 27 N 

BTH_I3078 LSU ribosomal protein L10P 4 14.33 12.5 9.5 13 N 

BTH_I2182 LSU ribosomal protein L9P 6 14.33 20 5.5 31.5 N 
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BTH_I1196 Glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12) 4 14 8.5 12 18 N 

BTH_I2118 Trigger factor 4 13.33 7.5 19.5 23.5 N 

BTH_I1762 Phospholipase C 5 13.33 14.5 14 15 N 

BTH_I1653 Electron transfer flavoprotein, beta subunit 4 13.33 16.5 7.5 22.5 N 

BTH_I0473 LSU ribosomal protein L25P 3 13 7 9.5 8.5 N 

BTH_I3075 DNA-directed RNA polymerase subunit 
beta' (EC 2.7.7.6) 7 13 22.5 8 24.5 N 

BTH_II0310 Antifungal protein precursor, putative 2 12.33 0 11.5 0 N 

BTH_I2218 Thioredoxin 4 12.33 12.5 7 11.5 N 

BTH_II0213 Probable glucan 1,4- a-glucosidase 5 12 11 10.5 19.5 Y 

BTH_II1520 Outer membrane porin OpcP 5 12 11.5 11 18.5 Y 

BTH_II1047 Phage major capsid protein, HK97 family 4 12 18.5 20 15.5 Y 

BTH_I2698 Hypothetical protein 6 11.67 0 7.5 0 N 

BTH_I3042 DNA-directed RNA polymerase subunit 
alpha (EC 2.7.7.6) 6 11.67 11 23 33.5 N 

BTH_II0654 Aconitase (EC 4.2.1.3) 6 11.67 12.5 7 17.5 N 

BTH_II1926 Alkyl hydroperoxide reductase, subunit c 4 11 14 12 26.5 N 
a Average of three biological replicates of the wild-type sample	
  
b Average spectral count values obtained from biological triplicates within each sample. 	
  
c Signal peptide predictions were performed by SignalP 3.0 server using the default parameters 	
  
d Rows highlighted in yellow correspond to protein absent in ∆T6SS-1 secretomes samples.	
  
e BTH_I3225 and BTH_0089 encode VgrG proteins with 100% sequence homology. Thus, it is not possible to distinguish between 
the two proteins using mass spectrometry. 	
  
f BTH_I3226 and BTH_II0090 encode proteins with 96% sequence homology. While the presence of both the proteins was 
confirmed by identification of unique peptides from the variable regions of the proteins, their relative contributions cannot be 
determined by mass spectrometry. 
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Table 3.2: Summary of proteins identified in informatic screen. 
 

                  Structural prediction of effectora 

Organism 
Effector 
Locus 

Immunity 
locus 

Effector 
PIb Structure  

Confiden
ce (%)  

Coverage 
(%)  

Pseudomonas aeruginosa PA1844 PA1845 8.9 RipAc 95.5 58 

Burkholderia phytofirmans Bphyt_5187 Bphyt_5186 9.1 RipA 93.4 51 

Burkholderia thailandensis BTH_I0068 BTH_I0069 9.4 CHAP amidase 93.9 56 

Burkholderia ambifaria 
BamMC406_0

673 
BamMC406_0

672 9.7 CHAP amidase 93.7 83 

Salmonella Typhi t2586 t2585 9 CHAP amidase  91.7 53 

Cronobacter turicensis CTU_33040 CTU_33030 9.6 CHAP amidase 90.6 70 

Acidovorax citrulli Aave_0030 Aave_0029 9.2 CHAP amidase 93.7 66 

Acidovorax citrulli Aave_1502 Aave_1501 9.2 CHAP amidase 93.7 66 

Salmonella Typhi t0489 t0488 9.4 CHAP amidase 97.4 72 

Burkholderia xenovorans Bxe_A2093 Bxe_A2092 8.7 RipBd 97.6 57 

Pseudomonas fluorescens PFL_5498 PFL_5499 9.6 CHAP amidase 97.4 61 

Ralstonia pickettii Rpic12D_3260 Rpic12D_3261 9.3 CHAP amidase 97.2 60 

Delftia acidovorans Daci_3854 Daci_3855 9.3 RipB 97.5 57 

Cronobacter turicensis CTU_30570 CTU_30560 9.7 NlpC/P60 99.7 68 

Salmonella Typhimurium STM0277 STM0278 9 
Cysteine 
proteasee 69.2 48 

Erwinia tasmaniensis ETA_06210 ETA_06220 9.2 
Cysteine 
proteasef 66.6 44 

 
a Top hit when submitted to the PHYRE 2 structural prediction server (http://www.sbg.bio.ic.ac.uk/phyre2) 
b Isoelectric point calculated using Compute pI/Mw (http://web.expasy.org/compute_pi/pi_tool-doc.html) 
c RipA is a cell wall amidase from Mycobacterium tuberculosis 
d RipB is a cell wall amidase from Mycobacterium tuberculosis 
e,f Predictions made using the HHpred server (http://toolkit.tuebingen.mpg.de/hhpred) 
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Figure 3.1:  Identification of B. thailandensis T6SS-1 substrates. (A–C) Comparison of 
individual protein abundance in wild-type versus ∆T6SS-1 (A), ∆T6SS-5 (B), and ∆T6S (C) B. 
thailandensis secretomes. Proteins absent from ∆T6SS-1 are indicated in each panel by filled red 
spheres. (D) Organization of genes encoding B. thailandensis proteins (boxed red) that 
specifically require T6SS-1 for export. Color indicates homology. 
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Figure 3.2:  B. thailandensis BTH_I0068 and BTH_I0069 are a T6S amidase effector–
immunity pair. (A) Sequence alignment of conserved catalytic motifs share between 
BTH_I0068 and characterized cell wall amidase enzymes. (B,C) Partial HPLC chromatograms 
of sodium borohydride-reduced soluble products resulting from digestion with BTH_I0068 and 
subsequent cleavage with cellosyl of tetrapeptide (B) or pentapeptide (C) -enriched E. coli 
peptidoglyan. (D) Growth of E. coli harboring one (top panels) or two (bottom panel) vectors 
expressing the indicated genes. A dash indicates the empty vector. From left to right are 
increasing serial ten-fold dilutions. (E) Western blot analysis of His-tagged effectors with native 
sequence or directed to the periplasm (peri) as expressed in (D). RNA polymerase (RNAP) was 
used as a loading control. (F) Growth competition assays between the indicated B. thailandensis 
donor and recipient strains under T6S-conducive conditions. The ∆clpV1 strain is a T6S-
deficient control. Asterisks mark significantly different competition outcomes (p < 0.01). Error 
bars ± s.d. n=6. 
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Figure 3.3:  Identification of a T6S effector superfamily. (A) Overview of shared T6S EI pair 
properties. Depicted at left are the four bicistrons encoding all characterized EI pairs (this study 
and (14, 105)). Properties are divided among those shared by all EI pairs (orange), 
periplasmically-targeted pairs (blue), and amidase pairs (brown). Sequences encoding signal 
peptides within immunity proteins are represented in blue. (B) Schematic of informatic effector 
identification workflow. Key steps in the workflow are indicated: 1) filter by constraints depicted 
in (A), 2) application of structure prediction criteria, 3) expansion by homology searching of the 
non-redundant nucleotide database. 
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Figure 3.4. Full-length alignments of effector families.  
Alignment of all sequences in each effector family. Alignments were generated from full-length 
sequences using Geneious software with the MUSCLE algorithm. Consensus, sequence logo, 
and identity were also generated with Geneious software. Shading of individual residues within 
sequences represents the similarity of that residue with all sequences at that position, with darker 
shading corresponding to greater similarity. Predicted catalytic cysteine and histidine residues 
are noted with a star. Family members are identified by the organism name followed by SWISS-
PROT protein identification when available. Instances in which a protein differs from its SWISS-
PROT entry are noted with an asterisk followed by the nature of the change (different start site, 
different reading frame). Unannotated proteins have no SWISS-PROT identifiers. Boxed 
residues denote regions used to generate the phylogenetic tree in Figure 3.5, using equivalent 
regions in the papain-like fold enzymes (Pfam clan, CL0125) as an outgroup. 
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Figure 3.5: The Tae superfamily consists of four phylogenetically distinct subfamilies. 
Phylogenetic tree of novel T6S effectors identified by methods depicted in Figure 3.3.  The tree 
was based on alignment of catalytic motifs (Figure 3.4). Effectors distribute into four branches, 
referred to as Families 1-4. The background colors assigned to the families are used henceforth. 
Critical boostrap values are indicated (n = 100). The tree was rooted using equivalent catalytic 
motifs of papain-like fold enzymes (Pfam clan, CL0125). Scale bar indicates evolutionary 
distance in amino acid substitutions per site. 
  



 83 

 

 
 
 



 84 

Figure 3.6. Full-length alignments of immunity proteins.  
Alignment of all sequences in each immunity family. Alignments generated and displayed as in 
Figure 3.4.  



 85 

Figure 3.7:  Representatives of Families 3 and 4 are T6S amidase EI pairs. (A) Partial HPLC 
chromatograms of sodium borohydride-reduced soluble E. coli peptidoglycan products resulting 
from digestion with Tae3TY or Tae4TM  as in Figure 3.1A. B) Simplified representation of Gram-
negative peptidoglycan showing cleavage sites of effector families 1-4 (F1-4). Cleavage 
specificity on peptidoglycan with tetrapeptide (left) and pentapeptide (right) stems are depicted. 
Tse1 activity against pentapeptide-rich peptidoglycan has not been tested, as indicated by yellow 
stars. Abbreviations: GlcNAc, N-acetyl-glucosamine, MurNAc, N-acetyl-muramic acid. (C) 
Growth of E. coli harboring one (top panels) or two (bottom panel) vectors expressing the 
indicated genes. A dash indicates the empty vector. From left to right are increasing serial ten-
fold dilutions. (D) Western blot analysis of His-tagged effectors with native sequence or directed 
to the periplasm (peri) as expressed in (C). RNA polymerase (RNAP) was used as a loading 
control. (E)Western blot analysis of supernatant (Sup) and cell-associated (Cell) fractions of the 
indicated P. fluorescens strains expressing vesicular stomatitis virus glycoprotein (VSV-G) 
tagged Tae3PF (Tae3PF–V).   
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Figure 3.8: Immunity proteins display varying non-cognate effector neutralization. 
(A-D) All panels show the growth of E. coli harboring vectors co-expressing the indicated 
effector and immunity proteins. Immunity proteins were induced identically in all panels. Error 
bars represent ± s.d. (n=3). (E) Western blot analysis performed on E. coli bearing expression 
vectors for VSV-G (–V) tagged immunity proteins induced as in (A-D). RNA polymerase 
(RNAP) was used as a loading control. 
  



 87 

 

  

Figure 3.9: T6S cell wall amidase effector and immunity proteins are broadly distributed. 
Phylogenetic tree depicting the distribution of select effector and immunity proteins in Families 
1-4. Trees are based on the 16s rRNA tree of life from Silva's Living Tree project 
(http://www.arb-silva.de/projects/living-tree/). For each species all effector and immunity 
proteins present in any genome are noted, however due to variability at the species level, not all 
members organisms in the group may have all effector and immunity proteins shown. 
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Figure 3.10. EI pairs of families 2-4 can be found in T6SS loci and immunity proteins can 
be found in the absence of intact effector genes. (A-D) Genomic organization of T6SS-
encoding loci containing EI gene pairs of family 2 (A), family 3 (B), family 4 (C) and families 2 
and 4 (D). Genes encoding conserved T6SS components (Tss genes) labeled. For Burkholderia 
sp. CH1-1 T6SS components are present at disperate loci. Frameshift mutations in the 
Salmonella Typhi marked as a break in the gene.  Family 2-4 (F2-4) EI loci underlined.  (E-G) 
Genomic organization of orphan immunity proteins (bottom of each alignment) and intact EI loci 
(top of each alignment) from family 2 (E), family 3 (F), and family 4 (G). Fragments of effectors 
found upstream of orphan immunity proteins are depicted as broken arrows and the percent 
coverage and identity at the residue level of those fragments with a closely related EI locus is 
shown. Homologous genes between intact EI loci and orphan immunity loci are colored 
identically. 
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competitions, P. aeruginosa–P. putida competition experiments, propidium-iodide analysis of 

isogenic intercellular intoxication in P. aeruginosa, purification of polar lipid samples for 
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for purification, Tli5 and Tli1 expression constructs for immnoprecipitation experiments, and all 

B. thailandensis and P. aeruginosa expression constructs, and, with J.D.M., analyzed 

phospholipase activity of Tle1,2, and 5 representatives.
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ABSTRACT 

Membranes allow the compartmentalization of biochemical processes and are therefore 

fundamental to life. The conservation of the cellular membrane, combined with its accessibility 

to secreted proteins, has made it a common target of factors mediating antagonistic interactions 

between diverse organisms.  Here we report the discovery of a diverse superfamily of bacterial 

phospholipase enzymes. Within this superfamily, we defined enzymes with phospholipase A1 

(PLA1) and A2 (PLA2) activity, which are common in host cell-targeting bacterial toxins and the 

venoms of certain insects and reptiles (144, 145). However, we find that the fundamental role of 

the superfamily is to mediate antagonistic bacterial interactions as effectors of the type VI 

secretion system (T6SS) translocation apparatus; accordingly, we name these proteins type VI 

lipase effectors (Tle). Our analyses indicate that PldA of Pseudomonas aeruginosa, a eukaryotic-

like phospholipase D (PLD)(146), is a member of the Tle superfamily and the founding substrate 

of the haemolysin co-regulated protein secretion island II T6SS (H2-T6SS). While prior studies 

have specifically implicated PldA and the H2-T6SS in pathogenesis (146-148), we uncovered a 

specific role for the effector and its secretory machinery in intra- and inter-species bacterial 

interactions. Furthermore we find that this effector achieves its antibacterial activity by 

degrading phosphatidylethanolamine (PE), the major component of bacterial membranes. The 

surprising finding that virulence-associated phospholipases can serve as specific antibacterial 

effectors suggests that interbacterial interactions are a relevant factor driving the ongoing 

evolution of pathogenesis. 
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INTRODUCTION 

Within proteobacterial genomes, predicted lipases are often encoded adjacent to homologs of the 

vgrG gene (50).  The VgrG protein is strongly associated with, and functionally important for, 

the cell contact-dependent T6S protein delivery pathway (28). This pathway, which is distributed 

throughout all classes of Proteobacteria, can target both eukaryotic and bacterial cells; however, 

it is the specificity of its effectors that dictates the consequences of intoxication by the system. 

Known T6 effectors are few and include enzymes that either modify actin or degrade 

peptidoglycan – both domain-restricted molecules (9, 105). Thus, one would speculate that a 

barrier to the expansion or alteration of domain targeting would be the acquisition of a new 

effector or the evolution of one that is preexisting.  

 

RESULTS 

Informatic identification of T6SS lipase effectors (Tle) 

To understand the significance of the T6S-associated lipases we undertook an informatic 

approach to examine their genetic context, sequence, and phylogenetic distribution. This analysis 

uncovered 377 putative lipases comprising five divergent families (type VI lipase effector 1-5, 

Tle1-5) that share no detectable overall sequence homology (Figure 4.1A). However, the 

families are united by a broad sporadic distribution pattern within Gram-negative bacteria and 

conserved putative catalytic motifs. Four of the families (Tle1-4) exhibit the GxSxG motif 

common in esterases and many lipases, while the fifth (Tle5) possesses dual HxKxxxxD motifs 

found in PLD enzymes (Figure 4.1B) (144). Outside of catalytic motifs, Tle1-4 members lack 

significant homology with known lipase enzymes, suggesting these proteins could represent 

previously uncharacterized diversity in the lipase superfamily. 
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Our prior work has shown that antibacterial T6S effectors are encoded adjacent to cognate 

immunity genes, which are essential due to the self-targeting activity of the T6S apparatus (105, 

149). Moreover, due to a direct inactivation mechanism, the localization of the immunity protein 

indicates the cellular compartment targeted by the effector. Examination of the genomic context 

of the putative lipase-encoding genes revealed each is found adjacent to an open reading frame 

encoding a predicted periplasmic protein (Figure 4.1A). Thus, we hypothesize that contrary to 

prevailing views of bacterial lipase function, vgrG-associated lipase families could universally 

serve roles in interbacterial competition, possibly targeting phospholipids accessible from the 

periplasm. Consistent with our hypothesis, one of the putative lipase enzymes that we identified, 

V. cholerae VC1418 (Tle2VC), was recently found to act as an effector in amoeba defense and 

intraspecies bacterial competition (47). Though the biochemical activity of Tle2VC was not 

elucidated, this suggests a capacity for Tle proteins to target a structure conserved in eukaryotes 

and bacteria. 

 

Tle proteins are antibacterial phospholipases 

To determine whether Tle2VC participates in interspecies bacterial antagonism, we tested its 

ability to provide fitness to V. cholerae in competition with E. coli. We observed V. cholerae 

strains lacking tle2VC display a striking impairment in their capacity to kill E. coli, approaching 

that of a strain lacking T6S function (Figure 4.2A). It is of note that a prior study probing the 

function of Tle2VC did not observe a contribution of the protein to fitness in an interspecies 

setting (47). This study was performed with strain V52, in which T6S-associated genes exhibit 

constitutively high expression (150). Therefore, a potential explanation for the apparent 
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discrepancy is that in a hyperactive state the absence of one effector is not sufficient to diminish 

antibacterial activity to a measurable level. 

 

Tle2 represents only one of four divergent GxSxG families within the broader superfamily. As a 

first step toward understanding the functional significance of other GxSxG families, we 

examined B. thailandensis BTH_I2698 (Tle1BT, Figure 4.1), which we previously demonstrated 

to be a substrate of an antibacterial T6SS (149). The tle1BT gene is found adjacent to genes 

encoding two homologous periplasmic lipoproteins, I2699 and I2700, which we posited could 

serve as Tle1BT immunity proteins. Additionally, tle1BT, I2699, and I2700 appear to have been 

subject to a duplication event, with homologs of all three genes present immediately upstream. 

To simplify our analysis, we generated a mutant strain lacking one copy of this duplicated 

region. Using labeled derivatives of this strain co-cultured under T6S-conducive conditions, we 

found that recipient strains lacking tle1BT and its putative immunity determinants exhibit 

significantly decreased fitness in competition with donor strains possessing tle1BT and a 

functional T6SS, and that expression of I2699 in the recipient strain was necessary and sufficient 

to restore competitive fitness (Figure 4.2B). These data show that Tle1BT is an antibacterial 

effector delivered between cells by T6S, and that I2699, henceforth referred to as Tli1BT (type VI 

secretion lipase immunity 1), protects against Tle1BT. 

 

Having demonstrated that members of two GxSxG Tle families function as antibacterial T6S 

effectors, we next sought to investigate their biochemical activity. To characterize Tle1BT and 

Tle2VC, we purified the proteins and catalytic nucleophile substitution mutant derivatives 

(Tle1BT(S267A) and Tle2VC(S371A)) as N-terminal fusions to hexahistidine-tagged maltose 
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binding protein (MH–), which we found necessary to generate and maintain soluble protein. 

Importantly, Tle1-4 possess a Ser-Asp-His catalytic triad utilized by a diversity of esterase 

enzymes, including thioesterases, acetylesterases, and assorted lipase and phospholipases (144). 

Given this wide range of potential activities, we asked whether MH–Tle1BT or MH–Tle2VC 

possess phospholipase activity. Using vesicle substrates doped with fluorescent phospholipid 

derivatives, we determined that MH–Tle1BT acts specifically as a PLA2, and MH–Tle2VC as a 

PLA1 (Figures 4.3A and B). Linking these activities to the antibacterial phenotypes we observed 

associated with the proteins in vivo, neither Tle1BT(S267A) nor Tle2VC(S371A), both 

catalytically inactive, serve as antibacterial effectors (Figure 4.2). Moreover, we found that the 

PLA2 activity of MH–Tle1BT is robustly inhibited by the addition of its immunity protein, Tli1BT
 

(Figure 4.3C). 

 

If GxSxG family Tle proteins serve as antibacterial T6SS phospholipases, we reasoned that their 

activity against sensitive recipients should correlate with an increase in cellular permeability. To 

test these predictions, we performed single-cell measurements of propidium iodide (P.I.) uptake 

within interbacterial competitions of B. thailandensis. Consistent with our hypotheses, the lack 

of Tle1 immunity within cells corresponded to significantly increased P.I. uptake (Figure 4.4A).  

Using automated cell identity and tracking algorithms (151), we further demonstrated that the 

increase in P.I. uptake depended upon direct contact with donor cells possessing a functional 

T6SS (Figures 4.4B and C). 
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P. aeruginosa Tle5 is an antibacterial phospholipase D 

With our data validating members of two GxSxG families as antibacterial phospholipase 

effectors, we explored whether these findings could be extended to the HxKxxxxD family 

(Tle5). This catalytic motif is strongly indicative of PLD activity (144), which has heretofore not 

been associated with an antibacterial enzyme. We choose P. aeruginosa PldA, henceforth 

referred to as Tle5PA (Figure 4.1), as a representative Tle5 family member. We began our study 

by confirming the enzymatic activity of the protein, as its function was previously studied in the 

context of cellular extracts (146). Consistent with prior observations, Tle5PA catalyzes the release 

of choline from phosphatidylcholine (PC), in a manner dependent upon a predicted catalytic 

histidine residue (His855) (Figure 4.5A). Under similar conditions neither Tle1BT nor Tle2VC 

showed appreciable activity in this assay, underscoring the diverse substrate specificity within 

the Tle superfamily. 

 

A candidate Tle5PA periplasmic immunity protein is not readily apparent, as the adjacent gene, 

PA3488, is predicted to encode a cytoplasmic protein. However, expression of PA3488 from a 

second, upstream, predicted start site yields a periplasmically-localized protein, henceforth 

referred to as Tli5PA, that binds specifically to Tle5PA (Figures 4.5B and C). To probe the role of 

Tle5PA and Tli5PA in interbacterial interactions, we generated a lysis reporter strain bearing a 

deletion of the tle5PA tli5PA bicistron. Lysis of this strain was highly elevated when co-cultured 

with a wild-type, but not a ∆tle5PA donor strain (Figure 4.5D). Additionally, expression of tli5PA 

in the recipient was sufficient to protect from Tle5PA-dependent lysis. Together, these data 

demonstrate Tle5PA acts as an antibacterial toxin and that Tli5PA is its cognate immunity 

determinant. 
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The P. aeruginosa genome encodes three T6SSs, the H1-3-T6SSs. The H1-T6SS is the only 

system with known substrates and a demonstrated role in interbacterial interactions (42). To 

define the T6SS involved in Tle5PA transport, we constructed strains bearing individual in-frame 

deletions of the critical ATPase genes, clpV1-3, associated with the H1-3 systems, respectively. 

Specific inactivation of the H2-T6SS in a donor strain abrogated Tle5PA-dependent toxicity, 

indicating that this system is responsible for Tle5PA delivery (Figure 4.5D). 

 

The finding that Tle5PA transits the H2-T6S pathway is interesting in light of data that implicate 

this T6SS as a virulence factor in plant, mammalian cell culture, worm, and mouse models of 

infection (147, 148). To more thoroughly explore the role of Tle5PA and the H2-T6SS in 

interbacterial interactions, we measured their influence on competition outcomes between P. 

aeruginosa and a model T6S target, P. putida (105). Our results showed that both Tle5PA and the 

H2-T6SS significantly contribute to the fitness of P. aeruginosa in interspecies competition 

under T6S-conducive conditions (Figures 4.5E and F). These findings show that Tle5PA is a 

potent antibacterial effector delivered by the H2-T6SS. 

 

While our data thus far show that Tle1BT
, Tle2VC, and Tle5PA possess phospholipase activity in 

vitro, this did not allow us to definitively assign the toxic consequences of these effectors to 

membrane destruction. The phospholipase activity of the effectors could be accessory to a 

second toxicity mechanism found in these large, multidomain proteins.  To resolve this 

remaining ambiguity concerning Tle function, we focused our studies on Tle5PA. Since a mixture 

of healthy and intoxicated cells could complicate our measurements, we decided to assay Tle5PA 
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effects in self-intoxicating monocultures of ∆tli5PA, wherein each cell serves both as a donor and 

a sensitive recipient. As expected, this strain exhibited increased membrane permeability in a 

manner dependent on an active H2-T6SS and Tle5PA (Figure 4.6A). 

Under conditions promoting intercellular delivery of Tle5PA, we harvested lipids of both non-

intoxicated (wild-type) and intoxicated (∆tli5) cells and quantified their phospholipid 

composition using mass spectrometry. This analysis revealed that the unchecked action of Tle5PA 

leads to a severely perturbed membrane phospholipid composition. Strikingly, phosphatidic acid 

(PA), a product of PLD activity and a minor constituent of wild-type membranes (0.17%), was 

present at 8.1% in ∆tli5PA – a 48-fold enrichment (Figure 4.6B). The increased PA appeared to 

derive primarily from PE, as it underwent a concomitant decrease of similar magnitude. Finally, 

we noted that phosphatidylglycerol (PG) increased slightly in ∆tli5 relative to the wild-type. We 

speculate this latter result either derives from a compensatory effect or from Tle5PA activity 

against cardiolipin, a minor component of P. aeruginosa membranes not detectable by the 

analysis method we used. Taken together, these data strongly suggest that Tle5PA-imposed cell 

death occurs through PA accumulation via PLD activity, primarily directed against PE. The 

precise physiological consequences of massive PA accumulation in bacterial cells are not known, 

however the strong negatively charged character of the molecule is likely to have a detrimental 

impact on both integral and peripheral membrane-associated proteins. It is known that PA 

induces membrane curvature that can promote fusion and fission events (152); therefore, Tle5PA 

activity might also lead to generalized membrane destabilization, membrane blebbing and 

depolarization. Interestingly, the in vivo specificity of Tle5PA for PE, the major phospholipid 

constituent of most bacterial membranes, affords P. aeruginosa the capacity to use this enzyme 

against a vast array of competitors. 
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DISCUSSION 

The discovery of T6SS-delivered phospholipase effectors has many implications.  Critically, 

their biochemical activity does not intrinsically limit their toxicity to bacterial cells (Figure 

4.6C). Indeed, two specificities now ascribed to Tle superfamily members, PLD and PLA2, are 

both highly represented in host cell-targeting bacterial toxins (145). As these effectors are found 

in numerous established and emerging opportunistic pathogens, our work highlights the need to 

understand the biochemical, genetic, and evolutionary basis of inter-domain targeting by the 

T6SS. Such knowledge may ultimately become a component of a larger strategy to develop 

predictive algorithms for the evolution of bacterial pathogens. In addition, our findings add a 

new dimension to our understanding of the mechanisms employed during bacterial competition. 

Based on our data it appears that membrane targeting evolved independently on multiple 

occasions as an antibacterial strategy. This convergent evolution underscores the susceptibility of 

the bacterial membrane to attack, a theme mirrored by the prior observation that bacteriolytic 

T6S effectors likewise degrade an essential, conserved bacterial structure (105). The continued 

discovery of antibacterial effectors promises to illuminate additional vulnerabilities of the 

bacterial cell, and thus may aid our efforts to define promising therapeutic targets. 

 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

B. thailandensis strains used in this study were derived from the sequenced strain E264 (136). B. 

thailandensis strains were grown on either Luria-Bertani media (LB), or the equivalent lacking 

additional NaCl (LB low salt (LB-LS): 10 g bactopeptone and 5 g yeast extract per liter) at 37°C 

supplemented with 200 µg ml-1 trimethoprim and 25 µg ml-1 irgasan where necessary. For 
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introducing in-frame deletions, B. thailandensis was grown on M9 minimal medium agar plates 

with 0.4% glucose as a carbon source and 0.1% (w/v) p-chlorophenylalanine for counter-

selection (137). V. cholerae strains used in this study were derived from the O1 El Tor strain 

A1552 (153). V. cholerae was grown on LB or LB with 340 nM NaCl  at 37°C or 30°C 

supplemented with 100 µg/ml rifampin, 100µg/ml carbenicillin and stated concentrations of 

arabinose as needed. In order to introduce in-frame deletions V. cholerae was grown on LB 

supplemented with 10% (w/v) sucrose at 30 °C for counter-selection (154, 155). P. aeruginosa 

strains used in this study were derived from the sequenced strain PAO1 (83). P. aeruginosa  

strains were grown on LB at 37 °C supplemented with 25 µg ml-1 irgasan, 30 µg ml-gentamycin, 

and stated concentrations of IPTG as required. To generate in-frame deletions P. aeruginosa was 

grown on LB-LS supplemented with 5% (w/v) sucrose at 30 °C for counter-selection (86). For 

intra- and inter-species competition P. aerguinosa was grown on synthetic cystic fibrosis sputum 

media (SCFM) at 23°C (156). P. putida used in this study was the sequenced strain, KT2440 

(76). P. putida was grown on LB at 30°C or on SCFM at 23°C. E. coli strains included in this 

study included DH5α for plasmid maintenance and production of Tli1BT immunoprecipitate, 

SM10 λpir for conjugal transfer of plasmids into B. thailandensis, V. cholerae, and P. 

aeruginosa, MC4100 for competition assays with V. cholerae, BL21(DE3) plysS for Tle5PA 

immunoprecipitation studies, and Shuffle T7 plysY Express (New England Biolabs), for 

purification of Tle proteins. All E. coli strains were grown on LB or 2xYT at 37 °C 

supplemented with 150 µg ml-1 carbenicillin, 50 µg ml-1 kanamycin, 30 µg ml-1 chloramphenicol, 

200 µg ml-1 trimethoprim, 50µg/ml streptomycin, 15µg/ml gentamycin, 0.1% rhamnose, and 100 

mM IPTG as needed. 
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DNA manipulations 

The creation, maintenance, and transformation of plasmid constructs followed standard 

molecular cloning procedures. All primers used in this study were obtained from Integrated DNA 

Technologies. DNA amplification was carried out using either Phusion (New England Biolabs) 

or Mangomix (Bioline). DNA sequencing was performed by Genewiz Incorporated. Restriction 

enzymes were obtained from New England Biolabs. SOE PCR was performed as previously 

described (87). 

 

Plasmid construction 

Plasmids used for expression in this study were pET28b:His6-MBP-TEV-His6 (157), pET22b+ 

(Novagen), and pSCrhaB2 (84) for E. coli, pPSV35CV (85) for P. aeruginosa, and pBAD24 

(158) for V. cholerae. Complementation in B. thailandensis was performed using the Tn7-based 

integration vector pUC18T-miniTn7T-Tp::PS12 (111). In-frame deletions were generated 

utilizing the suicide vectors pJRC115 for B. thailandensis (137), pVCD442 for V. cholerae 

(159), and pEXG2 for P. aeruginosa (86). For the production of deletion constructs either 600 bp 

(B. thailandensis and P. aeruginosa) or 500 bp (V. cholerae) regions flanking the deletion were 

amplified, ligated together using SOE PCR, and subsequently cloned into pJRC115, pEXG2, or 

pVCD442 respectively. To generate the tle1BT
S267A  B. thailandensis mutation construct, 600 bp 

regions flanking the mutation with an additional overlapping extension consisting of the desired 

mutation were amplified and ligated together using SOE PCR and subsequently cloned into 

pJRC115. For B. thailandensis complementation constructs genes were amplified along with 

predicted ribosomal-binding sites and cloned into pUC18T-miniTn7T-Tp::P12. For P. 

aeruginosa complementation and expression constructs, genes were amplified with their native 
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ribosomal binding sites into pPSV35CV with a 3' fusion to the VSV–G (vesicular stomatitis 

virus glycoprotein) epitope tag. To further generate the pPSV35CV::tle5PA
H167R and H855R–V 

constructs,  the entire tle5PA gene was amplified from pPSV35CV::tle5PA and SOE PCR was 

used to introduce the desired base pair mutations.  For pSCrhaB2 E. coli expression constructs 

and pBAD24 V. cholerae expression and complementation constructs, genes were cloned 

downstream of the optimized ribosomal binding site already present in these vectors with a 

fusion to a 3' VSV–G-linker. To further generate the pBAD24::tle2VC
S371A–V construct,  the 

entire tle2VC gene was amplified from pBAD24::tle2VC–V and SOE PCR was used to introduce 

the desired base pair mutations. This product was subsequently cloned into pBAD24. For the Tle 

purification constructs tle genes were amplified and cloned into pET28b:His6-MBP-TEV-His6 to 

generate an N-terminal fusion to an MBP protein and a hexahistadine purification tag. SOE PCR 

was then used to generate the desired catalytic nucleophile substitution mutants. For the Tle5PA 

periplasmic expression construct, tle5PA was amplified and cloned into pET22b+ to generate an 

N-terminal fusion to the PelB leader peptide and a C-terminal fusion to a hexahistidine epitope 

tag.  

 

Informatic identification of Tle proteins 

All sequences were obtained from NCBI (http://www.ncbi.nlm.nih.gov). BTH_I2698 from B. 

thailandensis E264, PA0260, PA1510, PA3487, and PA5089 from P. aeruginosa PAO1, and 

VC1418 from V. cholerae V52, all encoded adjacent to vgrG genes, were identified as putative 

lipases utilizing the PHYRE 2 structural prediction server (70). Using the amino acid sequences 

of these predicted lipases, blastp analyses were performed against the non-redundant protein 

database (ftp://ftp.ncbi.nih.gov/blast/db/) to identify unique instances of their homologs. 
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Homology identified by the blast server was used to distribute these proteins into five distinct 

Tle families. Each family was aligned using the MUSCLE algorithm and phylogenetic trees were 

generated using the PHYML 3.0 method with bootstrap analysis of 1000 replicates (160, 161). 

Proteins encoded by the genes shown in Figure 4.1A were analyzed for subcellular localization 

utilizing the SignalP 3.0 and TMHMM 2.0 servers, and VgrG proteins were identified utilizing 

blastp (139, 162). Regions depicted in Figure 4.1A were extracted based on boundaries defined 

by the presence of a tle, tli, or vgrG gene.  Figure 4.1B catalytic residues were determined both 

by PHYRE 2 structural alignment with known lipase enzymes and conservation of those residues 

within the Tle family alignments. Sequence logos were generated from a manual alignment of 

conserved catalytic motifs utilizing Geneious software.  

 

Western blot analyses 

Whole cell fractions were prepared as described previously (85). Anti-RNA polymerase, anti-

VSV–G, anti-beta-lactamase, anti-His5, and anti-CRP Western blot analyses were performed 

utilizing previously-defined methods (105, 155, 163). Subcellular localization of epitope-tagged 

Tle1PA and Tli1PA in P. aeruginosa was performed identically to previous localization studies of 

Tsi1 and Tsi3 (88, 105). For immunoprecipitation experiments, BL21(DE3) plysS cells co-

expressing periplasmic hexahistidine-tagged Tle5PA from a pet22b+ vector and VSV–G tagged 

immunity proteins from pSCrhaB2 vectors were pelleted and resuspended in lysis buffer (20 mM 

Tris-Cl pH 7.5, 50 mM KCl, 8.0% (v/v) glycerol, 1.0% (v/v) triton, supplemented with DNase I 

(Roche), lysozyme (Roche), and 200µM PMSF). Cells were disrupted by sonication and the 

solution clarified by centrifugation. A sample of supernatant was then taken for analysis of total 

protein. The remainder of the supernatant was incubated with anti-VSV–G agarose beads 
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(Sigma) for 1 h at 4°C. Beads were washed four times with IP-wash buffer (100 mM NaCl, 25 

mM KCl, 0.1% (v/v) triton, 20 mM Tris-Cl pH 7.5, and 2% (v/v) glycerol). Proteins were 

removed from beads with SDS loading buffer (125 mM Tris, pH6.8, 2% (w/v) 2-

mercaptoethanol, 20% (v/v) glycerol, 0.001% (w/v) bromophenol blue and 4% (w/v) SDS) and 

analyzed by Western blot.  

 

Bacterial competition experiments 

Burkholderia competition experiments were performed as described previously (149). Recipient 

strains (Figure 4.2B, left), or donor strains (Figure 4.2B, right) were labeled with a GFP-

expression constructed integrated into the attTn7 site, allowing the disambiguation of donor and 

recipient colonies through fluorescence imaging (58). For V. cholerae competition experiments 

with E. coli, both strains were grown to an OD600 of 0.5 in LB before being mixed 1:1 by 

volume. This mixture was then spotted on a nitrocellulose membrane on a 1.5% (w/v) agar LB 

plate containing 300 mM NaCl and 0.002% (w/v) arabinose. Competitions were incubated for 5 

h at 37°C. Cells were then harvested and competitions analyzed. Initial and final colony-forming 

units (CFUs) of V. cholerae and E. coli were enumerated on LB plates supplemented with 

rifampin and streptomycin respectively. For P. aeruginosa competitions with P. putida, strains 

were grown overnight on solid LB media at 37 °C (P. aeruginosa) or 30 °C  (P. putida) and 

resuspended in water to an OD600 of 0.3. Cells were mixed 1:1 and spotted on 1.5%  (w/v) agar 

SCFM media plates, or inoculated into liquid media of the same. After 23 h of incubation at 

23°C, a temperature previously demonstrated conducive to H2-T6SS and Tle5PA expression 

under in vitro conditions (164), cells were harvested and relative numbers of bacteria 

determined. Both initial and final counts of P. aeruginosa and P. putida were determined by 
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plate counts. P. aeruginosa self-intoxication assays were performed under identical conditions to 

solid media competition assays, save for the addition of 1 mM IPTG.  After 23 h of growth, cells 

were stained with 5 µg ml-1 propidium iodide in PBS pH 7.0 for 10 minutes and washed prior to 

fluorescence measurements at an excitation/emission of 535/617 nm. Values shown were 

corrected for cellular density as measured by OD600. Competition results for B. thailandensis and 

P. aeruginosa experiments are the change in ratio of donor cells to recipient cells, competition 

results from V. cholerae represent the final ratio alone. Data from all competitions were analyzed 

by a two-tailed Student's T-test, and data from monoculture experiments were analyzed by a one-

tailed Student's T-test for a significant increase in P.I. staining.  

 

Enzymatic assays of lipase activity 

Fluorescence assays for phospholipase A activity were performed utilizing PED-A1 (sn1-

labeled) and PED6 (sn2-labeled) fluorescent substrates according to manufacturer's directions 

(Invitrogen). Activity of Tle1PA and Tle2VC on these substrates was measured at an enzyme 

concentration of 300 nM (Tle1PA) or 30 nM (Tle2VC) at 28°C. For Tle1BT-inhibition assays, 

immunoprecipitate was obtained as detailed under Western blot analyses from E. coli DH5α 

bearing a pSCrhaB2::tli1BT–V expression construct or the equivalent empty vector control, with 

the modification that proteins were eluted from anti-VSV–G agarose beads by the addition of 

VSV–G peptide at a concentration of 100 µg ml-1 and no PMSF was used. After the addition of 

immunoprecipitate to Tle1BT enzymatic reactions, samples were incubated for four minutes after 

which the first reading was normalized to the measurement immediately prior to treatment. 

Fluorescent assays for phospholipase D activity were performed by measuring the production of 

peroxide by choline oxidase through the generation of the fluorescent molecule resorufin from 
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Amplex red reagent (Invitrogen) according the manufacturer's directions with the following 

modifications: reactions were performed in a buffer consisting of 50 mM Tris-Cl pH 7.2, 100 

mM NaCl, 5 mM CaCl2, and 2 mM MgCl2, and vesicles consisting of equal amounts 

dioleoylphosphatidylcholine and dioleoylphosphatidylglycerol were used as a substrate at a final 

reaction concentration of 16.7 µM for each lipid species. Activity was measured at an enzyme 

concentration of 130 nM at 28°C. In all assays fluorescent values were corrected for fluorescence 

as measured in a buffer-only control. 

 

Competitive lysis assays 

The lysis of P. aeruginosa reporter strains was determined by the relative partitioning of LacZ to 

the supernatant. Lysis reporter strains were generated by the chromosomal integration of a 

previously-described miniCTX vector containing lacZ under the expression of a constitutive 

promoter (165). Lysis reporter strains and unmarked donor strains were grown overnight on solid 

LB media at 37°C and then resuspended in water to an OD600 of 0.3. Donor and recipient strains 

were mixed 1:1 and spotted on 1.5% (w/v) agar SCFM plates supplemented with 1 mM IPTG 

and incubated at 23°C for 23 h. Relative levels of supernatant LacZ activity as compared to total 

LacZ activity were then determined as previously described (45). Data were analyzed using a 

two-tailed Student's T-test.  

 

Microscopic analyses of interbacterial competitions 

Time-lapse fluorescence microscopy sequences were acquired with a Nikon Ti-E inverted 

microscope fitted with a 60X oil objective, automated focusing (Perfect Focus System, Nikon), a 

Xenon light source (Sutter Instruments), a CCD camera (Clara series, Andor), and a custom 
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environmental chamber. NIS Elements (Nikon) was used for automated image acquisition. 

Overnight cultures of recipient (B. thailandensis ∆BTH_I2698-I2703 attTn7::gfp) and donor 

(either B. thailandensis wild-type, ∆BTH_I2698 ∆BTH_I2701-3, or ∆BTH_I2598) strains were 

mixed 1:1 and diluted 2-fold with LB. The resulting bacterial suspension (~2 µL) was spotted 

onto growth pads made with LB broth, 2.5% (w/v) agarose, 0.2% (w/v) sodium nitrate, and 2.5 

µg mL-1 propidium iodide. Automated image acquisition was performed at 5-min intervals for 6-

8 h at 30°C.  Cell identification, cell linking, and donor-contact analyses were performed using 

customized Matlab-based software (2012a, Mathworks) as described previously (151). Donor 

(unlabeled) and recipient (GFP-labeled) populations were identified using an empirically 

determined green fluorescence gate. A P.I. uptake event was defined as the first frame in which a 

cell achieved an empirically determined mean red fluorescence intensity threshold. Counting 

error was calculated as the square root of measurable events. Results represent two fields of view 

from a single experiment; each experiment was independently repeated at least three times.  

 

Protein purification 

For purification, Tle proteins were expressed from pET28b:His6-MBP-TEV-His6 in Shuffle T7 

pLysY Express cells (New England Biolabs). Proteins were purified to homogeneity using nickel 

chromatography followed by size-exclusion chromatography using previously-reported methods, 

with the exception that reducing agents were excluded (91).  

 

Lipidomic analyses 

Wild-type and tli5 mutant P. aerguinosa strains were grown as 20 individual 10 µl spots on 1.5 

% (w/v) agar SCFM plates for 23 h at 23°C. These spots were then resuspended in PBS and 
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lipids were extracted using the Bligh-Dyer method (166). Purified lipid samples were analyzed 

for PE, PC, PG, and PA content by the Kansas State Lipidomics Research Center. An automated 

electrospray ionization-tandem mass spectrometry approach was used, and data acquisition and 

analysis were carried out as described previously (167, 168) with modifications. The lipid 

samples were dissolved in 1 ml chloroform. An aliquot of 50 µl of extract in chloroform was 

used.  Precise amounts of internal standards, obtained and quantified as previously described 

(169), were added in the following quantities (with some small variation in amounts in different 

batches of internal standards): 0.6 nmol di12:0-PC, 0.6 nmol di24:1-PC,  0.6 nmol 13:0-lysoPC, 

0.6 nmol 19:0-lysoPC, 0.3 nmol di12:0-PE, 0.3 nmol di23:0-PE,  0.3 nmol 14:0-lysoPE, 0.3 

nmol 18:0-lysoPE, 0.3 nmol di14:0-PG, 0.3 nmol di20:0(phytanoyl)-PG, 0.3 nmol di14:0-PA, 

and 0.3 nmol di20:0(phytanoyl)-PA. The sample and internal standard mixture was combined 

with solvents, such that the ratio of chloroform/methanol/300 mM ammonium acetate in water 

was 300/665/35, and the final volume was 1.4 ml. Unfractionated lipid extracts were introduced 

by continuous infusion into the ESI source on a triple quadrupole MS/MS (4000QTrap), Applied 

Biosystems, Foster City, CA).  Samples were introduced using an autosampler (LC Mini PAL, 

CTC Analytics AG, Zwingen, Switzerland) fitted with the required injection loop for the 

acquisition time and presented to the ESI needle at 30 µl/min. Sequential precursor and neutral 

loss scans of the extracts produce a series of spectra with each spectrum revealing a set of lipid 

species containing a common head group fragment. Lipid species were detected with the 

following scans:  PC and lysoPC, [M + H]+ ions in positive ion mode with Precursor of 184.1 

(Pre 184.1); PE and lysoPE, [M + H]+ ions in positive ion mode with Neutral Loss of 141.0 (NL 

141.0); PG, [M + NH4]+ in positive ion mode with NL 189.0 for PG; and PA, [M + NH4]+ in 

positive ion mode with NL 115.0.   The collision gas pressure was set at 2 (arbitrary units).  The 
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collision energies, with nitrogen in the collision cell, were +28 V for PE, +40 V for PC, +25 V 

for PA, and +20 V for PG.  .  Declustering potentials were +100 V for all lipids.  Entrance 

potentials were +15 V for PE and +14 V for PC, PA, and PG.  Exit potentials were +11 V for PE 

and +14 V for PC, PA, and PG.  The scan speed was 50 or 100 u per sec.   The mass analyzers 

were adjusted to a resolution of 0.7 u full width at half height.  For each spectrum, 9 to 150 

continuum scans were averaged in multiple channel analyzer (MCA) mode.  The source 

temperature (heated nebulizer) was 100 °C, the interface heater was on, +5.5 kV  were applied to 

the electrospray capillary, the curtain gas was set at 20 (arbitrary units), and the two ion source 

gases were set at 45 (arbitrary units). The background of each spectrum was subtracted, the data 

were smoothed, and peak areas integrated using a custom script and Applied Biosystems Analyst 

software, and the data were isotopically deconvoluted.  The first set of mass spectra were 

acquired on the internal standard mixture only. Peaks corresponding to the target lipids in these 

spectra were identified and molar amounts calculated in comparison to the two internal standards 

on the same lipid class.  To correct for chemical or instrumental noise in the samples, the molar 

amount of each lipid metabolite detected in the “internal standards only” spectra was subtracted 

from the molar amount of each metabolite calculated in each set of sample spectra. The data 

from each “internal standards only” set of spectra was used to correct the data. Values expressed 

are the percentage of the total polar lipid signal detected. Statistical significance analyzed by a 

two-tailed Student's T-test.  
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Figure 4.1: Overview of the Tle superfamily. (A) Evolutionary trees, genetic organization, and 
phylogenetic distribution of select Tle family members. Genes are colored by their predicted 
protein product (blue, Tle proteins with a GxSxG catalytic motif; purple, Tle proteins with dual 
HxKxxxxD catalytic motifs; grey, VgrG proteins; yellow, putative periplasmic immunity 
proteins). Branch lengths are not proportional to evolutionary distance. Asterisks denote tle 
genes without an apparent adjacent vgrG gene. (B) Domain organization of a single member of 
the GxSxG and dual HxKxxxxD catalytic classes of Tle proteins. Regions comprising these 
catalytic motifs are labeled in grey, and positions of all putative catalytic residues are denoted. 
Sequence logos were generated from alignments of the catalytic motif from Tle1-4 (GxSxG) and 
catalytic motifs from Tle5 (HxKxxxxD).  
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Figure 4.2: Tle GxSxG-type proteins are antibacterial effectors delivered by the T6SS. 
Error bars for all panels ± s.d.  (A) Outcome of growth competitions between the indicated V. 
cholera strains and E. coli. The ∆tssM strain is inactive for T6S. Asterisks denote competitive 
outcomes significantly different than those obtained with wild-type (P<0.05, n=3). (B) Growth 
competition assays between the indicated B. thailandensis donor and recipient strains. The 
∆clpV1 strain is inactivated for T6SS-1, required for Tle1BT export (149).  The parental strain for 
all experiments in this panel is ∆I2701-2703. Asterisks denote competition outcomes 
significantly different between indicated recipient strains (left) or indicated donor strains (right) 
(P<0.05, n=3).  
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Figure 4.3: Tle GxSxG-type effectors possess phospholipase activity. (A,B) Enzymatic 
activity of the designated proteins against vesicles containing phospholipid derivatives with 
fluorescent moieties at the sn1 or sn2 positions (n=4). (C) Enzymatic activity of MH–Tle1BT on 
sn2-labeled phospholipids as measured in (c) upon the addition of the indicated 
immunoprecipiate (arrow) (n=5).  
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Figure 4.4: Tle1BT induces permeability in sensitive recipients in a T6SS- and contact-
dependent fashion. (A) Representative cropped micrograph series displaying three propidium 
iodide (P.I.) uptake and subsequent lysis events in a growth competition experiment between B. 
thailandensis wild-type and a Tle1BT-sensitive recipient, ∆I2698-I2703. Each event spans two 
frames and is highlighted by arrowheads. The mask frames depict cell assignments made by 
gating cells based on fluorescence (black, donor; green, recipient; red, P.I.-positive). (B,C) 
Quantitation of P.I. staining events from B. thailandensis growth competitions as a function of 
time (B) or contact (C) using automated custom software. The recipient strain was the same as 
used in (B). Shading indicates counting error.  
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Figure 4.5: Tle5PA is an HxKxxxxD-type interspecies antibacterial phospholipase effector 
delivered by the H2-T6SS of P. aeruginosa. Error bars for all panels ± s.d.  (A) PC-specific 
PLD activity of the indicated proteins against mixed lipid vesicles (n=3). (B) Western blot 
analysis of subcellular distributions of Tli5PA and Tle5PA in P. aeruginosa grown in liquid LB 
media. Equivalent fractions of cytoplasmic (Cyto) and periplasmic (Peri) samples were loaded in 
each panel. Tli5PA and Tle5PA were expressed as fusions to a C-terminal VSV–G tag (–V), and 
detected with an anti-VSV–G antibody. RNA polymerase (RNAP) and β-lactamase (β-lac) 
enzymes were used as cytoplasmic and periplasmic fractionation controls, respectively. (C) 
Western blot analysis of total and bead-associated fractions from an α-VSV–G 
immunoprecipitation of the indicated VSV–G-tagged immunity proteins (–V) co-expressed in E. 
coli with periplasmically-localized Tle5PA bearing a C-terminal hexahistidine epitope tag. (D) 
Lysis of recipient strains grown in co-culture with the indicated donor strains. Asterisks mark 
experiments wherein recipient lysis is significantly different between indicated recipients (left), 
or between indicated donors (right) (P<0.05, n=3). (E,F) Competitive growth of indicated P. 
aeruginosa strains against P. putida under T6SS-conducive (solid growth, E) or non-conducive 
(liquid growth, F) conditions. Asterisks denote competition outcomes significantly different than 
those obtained with wild-type P. aeruginosa (P<0.05, n=3).  
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Figure 4.6: Tle5PA targets phosphatidylethanolamine in vivo. (A) Membrane permeability of 
the indicated P. aeruginosa strains grown in monoculture as measured by propidium iodide (P.I.) 
staining. Asterisks denote significantly increased P.I. staining above wild-type levels. Error bars 
+ s.d. (P<0.05, n=3). a.u., arbitrary units. (B) Summary of phospholipid profiles of the indicated 
P. aeruginosa strains grown as in (A). Statistical significance noted (n=4, * P<0.01, ** P 
<0.001). (C) Generalized schematic of a phospholipid indicating the activities defined in this 
study.  
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ABRSTRACT 

Bacteroidetes are a diverse phylum of Gram-negative bacteria abundant in environmental and 

mammalian-associated polymicrobial communities often characterized by high cell density. 

However, cell contact-dependent mechanisms of interbacterial antagonism, such as the type VI 

secretion system (T6SS), have not been characterized in this phylum. Herein we report the 

bioinformatic and functional characterization of a T6SS-like pathway in diverse Bacteroidetes. 

Using prominent human gut commensal and soil-associated species, we demonstrate that these 

systems localize dynamically within the cell, export antibacterial proteins, and mediate 

interbacterial antagonism. The Bacteroidetes system is a distinct pathway with marked 

differences in gene content and a high degree of evolutionary divergence from the canonical T6S 

pathway. Our findings offer a potential molecular explanation for the abundance of Bacteroidetes 

in polymicrobial environments, the observed stability of Bacteroidetes strains in healthy humans, 

and the barrier presented by the microbiota against pathogen invasion.  

 

INTRODUCTION 

The Bacteroidetes are a phylum of Gram-negative bacteria that can be isolated from diverse 

natural habitats (170). Though they include agriculturally and medically relevant pathogens, as 

well as representatives that play important roles in critical environmental processes such as 

bioremediation, the phylum is relatively poorly studied. Bacteroidetes are perhaps most 

appreciated for their intimate association with humans and other mammals, as abundant residents 

of the gastrointestinal (GI) tract. In this ecosystem, bacteria form dense microbial communities 

that can exceed 1013 cells per milliliter (78, 171, 172). Bacteroidetes constitute 20-80% of the 

fecal microbiota of most adult humans and are largely represented by two genera, Bacteroides 
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and Prevotella (173). Members of this phylum generally act as mutualists by aiding in the 

digestion of complex carbohydrates, promoting gut development, modulating the immune 

system, and protecting against colonization by pathogens (170, 172, 174). As metabolically 

pliable organisms, Bacteroidetes also help to support a diverse gut community through 

syntrophic interactions with other microbes (175, 176). 

 

Evidence suggests that the capacity of a bacterium to survive in a polymicrobial environment is 

related to the elaboration of interbacterial antagonistic factors.  Studies performed primarily on 

Proteobacteria have shown that Gram-negative organisms can utilize soluble products as well as 

contact-dependent mechanisms to compete with other bacteria (61, 177). Although Bacteroidetes 

occupy numerous polymicrobial niches, including the human gut, to our knowledge contact-

dependent antagonistic pathways have not yet been characterized in this phylum. 

 

The type VI secretion system (T6SS) is a pathway that grants Gram-negative bacteria the 

capacity to translocate substrates to a wide range of recipient cells (2). Initially speculated to 

participate strictly in host cell interactions, it is now clear that the more common function of the 

system is to deliver proteins from the cytoplasm of a donor cell to the periplasm of a Gram-

negative recipient (57). Substrates transported in a T6S-dependent manner include antibacterial 

effectors with diverse activities such as phospholipases, peptidoglycan hydrolases, nucleases, 

and membrane pore-forming proteins (1, 3). The pathway appears to lack a mechanism for 

discriminating self from non-self; thus, bacteria with active T6SSs possess immunity proteins 

that interact with, and inactivate, the effector molecules (14, 105). These interactions are allele 
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specific, and cognate effector–immunity (E–I) pairs are generally encoded adjacently within 

predicted operons (149, 178). 

 

The T6S pathway requires the functions of 13 core proteins; unique subsets of these appear to 

have evolutionary relatedness to type IV secretion system (T4SS) components or to 

bacteriophage (6, 179). Proteins within the subsets are generally encoded adjacent to each other 

and interact extensively, suggesting that although each of the 13 core genes is essential, the 

complete system may be composed of modular, functionally distinct sub-complexes. The T4S-

related components, TssL and TssM, are integral membrane proteins that form a trans-envelope 

complex with an outer-membrane lipoprotein, TssJ (33, 180, 181). The bacteriophage-like 

protein TssC, in conjunction with TssB, forms a dynamic filamentous assembly with gross 

structural similarity to the bacteriophage sheath complex (38, 39). Two other bacteriophage-

related proteins, VgrG and Hcp, interact with non-overlapping sets of effectors, forming the basis 

for genetically distinct pathways for T6S-dependent substrate export (44, 48, 51). VgrG is a 

phage tail spike-like protein that interacts with effectors via conserved adaptor domains, whereas 

Hcp is ring-shaped, bears structural homology to the major phage tail tube protein gpV, and 

interacts with effectors within its pore. Supporting the relationship of Hcp to gpV, Hcp rings 

have been observed to form higher order head-to-tail stacked structures in vivo, analogous to 

those observed in bacteriophage (43).  

 

Here, we report the bioinformatic and functional characterization of a T6S-like pathway in the 

phylum Bacteroidetes. We demonstrate that this pathway has the capacity to mediate cell 

contact-dependent intra- and inter-phyla bacterial antagonism. Although the pathway lacks 
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conserved elements essential to the well characterized Proteobacterial T6SS, and components 

that are shared with Proteobacteria display considerable sequence divergence, we provide 

evidence that they function in a mechanistically similar manner. Several genera that possess the 

Bacteroidetes T6S-like pathway, including Bacteroides, Prevotella, and Porphyromonas, are 

abundant members of human-associated polymicrobial communities, suggesting that the pathway 

may have an important role in defining the composition of the microbiome (182).  

 
RESULTS 

Bioinformatic characterization of a T6S-like gene cluster in Bacteroidetes 

A generally applicable diagnostic secretion signal for T6S effectors is not available; however, 

genes encoding these proteins can often be identified by sequence-based approaches. Our group 

and others have noted that in many cases T6S effector and vgrG genes occur proximally and co-

directionally on bacterial chromosomes (50, 183, 184). We recently exploited this observation to 

identify a large superfamily of T6S-exported phospholipases. Interestingly, a search for 

homologs of this class of effectors revealed their presence in Bacteroidetes – a bacterial phylum 

that does not possess a characterized T6S pathway (183). Moreover, like the Proteobacterial 

effectors, those found in the Bacteroidetes reside in close proximity to apparent vgrG genes and 

adjacent to open reading frames (ORFs) encoding predicted periplasmic immunity determinants. 

Our observations concerning phospholipase effector distribution are supported by an exhaustive 

study of polymorphic toxin domains conducted by Aravind and colleagues, which found genes 

encoding putative T6 effectors of various catalytic classes represented in Bacteroidetes (184). 

 

Given the abundance and widespread nature of antibacterial T6S effector genes in Bacteroidetes, 

we postulated that these proteins participate in interbacterial interactions via a yet 
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uncharacterized T6S-like pathway. Proteobacterial T6S gene clusters often include effector loci; 

thus, to identify a T6S-like pathway in Bacteroidetes, we searched in the vicinity of putative 

effector genes for elements that could constitute a secretion system. This led to the identification 

of a cluster of twelve genes, including vgrG, with orthologs invariantly found in species with 

predicted effectors (Figures 5.1A-C and Table 5.1). Supporting the hypothesis that this gene 

cluster encodes a T6-like pathway, among the products of the twelve genes, we found a predicted 

ATPase with domain architecture similar to the Proteobacterial T6S core ATPase, ClpV (Figure 

5.1D) (40). 

 

Homology searches of the remaining conserved elements of the Bacteroidetes gene cluster failed 

to identify corresponding Proteobacterial T6S proteins. Given the evolutionary distance between 

Bacteroidetes and Proteobacteria, we posited that conservation between the constituents of this 

putative secretion system and the Proteobacterial T6SS might be below the detection limit of 

non-iterative approaches.  By applying iterative search algorithms such as jackHMMER and PSI-

BLAST (185, 186), we found that six additional genes in the Bacteroidetes cluster encode 

proteins bearing distant homology to core elements of the Proteobacterial T6SS, TssB, C, E, F, 

G, and K (Figure 5.1C). 

 

In total, our sequence-based searches identified eight of the thirteen putative functional orthologs 

of the Proteobacterial T6SS encoded within the Bacteroidetes gene cluster (Table 5.1). Included 

in these eight components are each of the identified proteins of the bacteriophage-like module of 

the T6SS, with the exception of Hcp. In the Proteobacterial T6SS, Hcp proteins are required for 

effector recognition and export, thus the apparent absence of this conserved component was 
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unexpected (44).  To ensure we had not overlooked a cryptic Hcp functional ortholog, we turned 

to structural prediction algorithms, which can identify highly divergent proteins, or convergent 

proteins, by their common folds. Indeed, using the Phyre remote homology modeling server, we 

found that one of the remaining four conserved genes in the Bacteroidetes cluster is predicted to 

encode a protein that adopts a structure with a high degree of similarity to Proteobacterial Hcp 

proteins (>90% confidence) (70). To further probe this predicted relatedness, we heterologously 

expressed and purified a member of this putative Hcp-like protein family encoded within the 

T6S-like gene cluster of Flavobacterium johnsoniae, a soil-dwelling member of the 

Bacteroidetes phylum (Figure 5.1E) (187). Visualization of this protein by negative stain 

transmission electron microscopy demonstrated that it adopts the characteristic ring shape and 

approximate dimensions of Proteobacterial Hcp proteins (Figure 5.1F). Together, our data 

suggest that a conserved gene cluster within the Bacteroidetes phylum encodes a T6S-like 

pathway. Henceforth, we refer to this pathway as T6SS subtype 3 (T6SSiii), with the intent to 

distinguish it from the general Proteobacterial and Francisella pathogenicity island-like systems, 

herein constituting subtypes 1 and 2 (T6SSi,ii), respectively  (Figures 5.1A-C) (6, 188). 

 

In order to better understand the relationship of the three T6SS groups, we performed 

phylogenetic analyses on the shared elements TssC and TssF. Phylogenetic trees generated from 

conserved regions of these proteins exhibited similar topologies, suggesting that the genes 

encoding them have been co-inherited (Figures 5.2A and B). In each tree, all Bacteroidetes 

components comprise a unique clade, distinct from Proteobacterial T6S homologs (Figure 5.2C). 

While some proteins encoded by species in the phylum Acidobacteria are also found in this 

clade, analysis of the genomic context of these homologs indicates they reside in gene clusters 
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that lack conserved Bacteroidetes components (Figure 5.3). We therefore restrict our definition 

of T6SSiii to those systems that reside in Bacteroidetes. Interestingly, T6SSiii gene clusters lack 

homologs of the T6SSi proteins, TssA, L, M, and J. A gene encoding a putative TssM protein 

was recently suggested to reside in a B. cellulosilyticus T6S gene cluster (189). However, we 

note that homologs of this gene are neither generally found within or adjacent to T6SSiii clusters 

across the Bacteroidetes phylum, nor are they encoded in the genomes of all organisms that 

possess the T6SSiii pathway (data not shown). Our data suggest the entirety of the T6SSi trans-

envelope sub-complex – including tssM – is absent from T6SSiii. In summary, our data suggest 

that a phylogenetically distinct T6S-like pathway – composed of an assemblage of proteins 

distinct from those required for the function of Proteobacterial T6SSs – is found within members 

of the phylum Bacteroidetes. 

 

A T6SSiii pathway exports antibacterial effectors 

T6SSs are functionally versatile and can deliver effectors to other bacteria, to eukaryotic host 

cells, or to both of these cell types. We identified a number of predicted antibacterial effectors 

associated with T6SSiii gene clusters in Bacteroidetes, suggesting that this system might possess 

the capacity to mediate interbacterial antagonism (data not shown). To first establish whether the 

T6SSiii gene cluster encodes a secretory pathway responsible for the export of effector proteins, 

we conducted secretome measurements using F. johnsoniae.  We chose this organism because it 

is genetically tractable, easily maintained under aerobic conditions in the laboratory (187, 190), 

and it possesses a T6SSiii gene cluster that is highly representative of the system in other 

Bacteroidetes, including the human gut-associated commensal species B. fragilis, B. vulgatus, 

and B. eggerthii (Figure 5.2C). 
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To determine the contribution of the T6SSiii pathway to the secretome of F. johnsoniae, we 

compared the culture supernatant of a strain bearing an in-frame deletion of its predicted tssC 

homolog, Fjoh_3266, to the wild-type parental strain using mass spectrometry. This analysis 

identified six proteins that were undetected in F. johnsoniae ∆tssC, but met our criteria for 

inclusion in the wild-type secretome (Table 5.2). Strikingly, the two most abundant of these 

proteins were Fjoh_3262 and Fjoh_3260, the Hcp and VgrG homologs encoded within the 

T6SSiii gene cluster, respectively (Figure 5.1C). This finding parallels similar secretome studies 

of T6SSi pathways, which generally find Hcp- and VgrG-family proteins as the major 

components of the T6SS-dependent substrate pool (14, 149, 191). 

 

Of the remaining four proteins, two are encoded by hypothetical ORFs present within the T6SSiii 

gene cluster (Fjoh_3257 and Fjoh_3274), whereas the remaining two are implicated in gliding 

motility and possess predicted signal sequences (Figure 5.1C, Table 5.1) (190).  While the latter 

may have yet unrecognized roles relevant to T6SSiii, for the purposes of identifying secreted 

effectors we focused on Fjoh_3257 and Fjoh_3274, which do not contain predicted signal 

peptides. Notably, these proteins both possess domains found in known or predicted T6SSi 

effectors. Fjoh_3257 contains an HEXGH motif found in zinc metalloproteases fused to T6SSi-

exported VgrG proteins and Fjoh_3274 contains both a central glycoside hydrolase domain and a 

C-terminal zinc-dependent peptidoglycan endopeptidase motif (Figure 5.4A) (9, 149). Based on 

these data, we hypothesized that Fjoh_3257 and Fjoh_3274 are T6SSiii-exported effectors that 

exert toxicity in the periplasm of target cells. 
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To test the hypothesis that the T6SSiii pathway exports antibacterial effectors, we further 

investigated Fjoh_3257. When directed to the periplasm of Escherichia coli, Fjoh_3257 induced 

significant cell lysis, whereas the native protein – predicted to localize to the cytoplasm – did not 

exhibit apparent toxicity (Figure 5.4B,C). T6SSi delivers effectors directly to the periplasm of 

recipient cells. If T6SSiii functions similarly, our data suggest Fjoh_3257, henceforth referred to 

as Flavobacterium type VI secretion effector 1 (Fte1), could promote intercellular toxicity and 

thus necessarily associate with a cognate immunity determinant. Moreover, we would expect this 

immunity protein to reside in the periplasmic compartment, as T6SSi effector inactivation 

invariably occurs via direct interaction with immunity (105, 192-194). We identified a gene 

encoding a protein matching the predicted immunity criteria directly downstream of fte1, 

Fjoh_3256 (hereafter referred to as Flavobacterium type VI secretion immunity 1, or fti1). Co-

expression of Fti1 specifically abrogated the lytic effects of Fte1, indicating that Fte1-Fti1 

comprise an antibacterial effector–immunity pair of T6SSiii in F. johnsoniae (Figure 5.4D). 

 

To test whether Fte1 exerts antibacterial activity in a T6SSiii-dependent manner, we measured the 

cellular integrity of F. johnsoniae strains lacking fti1. When propagated on a solid substratum, a 

condition conducive to prolonged cell contact, we observed increased membrane permeability in 

the ∆fti1 strain (Figure 5.4E). This phenotype was abrogated by concomitant deletion of tssC, 

fte1, or by growth in liquid media. Together with our secretome studies, these data strongly 

suggest the capacity of T6SSiii to participate in interbacterial interactions through the export of 

antibacterial effectors.   
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T6SSiii mediates interspecies bacterial antagonism 

 Interbacterial T6SSi has been observed to be a crucial determinant of fitness during 

polymicrobial growth. Under contact-promoting conditions, its inactivation generally leads to 

significant defects in the capacity to outcompete other organisms in co-culture.  To determine 

whether T6SSiii also functions in interspecies antagonism we grew wild-type F. johnsoniae and 

derivative strains with either Burkholderia thailandensis or Pseudomonas putida under T6-

conducive conditions. The inactivation of T6SSiii by a deletion of tssC in F. johnsoniae greatly 

impacted the outcome of these growth competitions, allowing for significant expansion of the 

competitor population (Figures 5.5A and B).  This phenotype could be complemented by the 

introduction of an extra-chromosomal copy of tssC, demonstrating that the observed change in 

fitness was not due to mutant polarity. Moreover, wild-type and ∆tssC displayed equal fitness in 

liquid growth medium, consistent with the known requirement for intimate cell–cell contact in 

T6S-dependent interactions. We further examined interspecies co-cultures containing F. 

johnsoniae lacking the T6SSiii-restricted component, tssN (Fjoh_3277, Table 5.1). F. johnsoniae 

∆tssN antagonized B. thailandensis and P. putida to an equivalent degree as ∆tssC or a strain 

bearing deletions in both tssC and tssN, consistent with our hypothesis that these genes encode 

essential elements of the same pathway (Figures 5.5A and B). Overall, our data strongly suggest 

that the T6SSiii pathway mediates interbacterial antagonism in a manner analogous to T6SSi, yet 

using a distinct complement of proteins.  

 

The T6SSiii apparatus exhibits dynamic behavior 

Antibacterial effectors released by the T6SSi pathway are operative on Gram-negative recipients 

only if they are delivered across the outer membrane by the translocation machinery. Owing to 
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this feature of the system, the apparatus must behave dynamically in order to sample 

localizations that orient the system toward competitor cells. Green fluorescent protein (GFP) 

fusions to the C-terminus of ClpV proteins have served as a convenient means to visualize this 

behavior of T6SSi systems.  Since an apparent ClpV ortholog is identifiable in T6SSiii gene 

clusters, we sought to monitor the subcellular localization and dynamic behavior of this protein 

as a way to further interrogate the mechanistic similarity between T6SSi and T6SSiii pathways. 

We began by generating a strain of F. johnsoniae bearing a functional clpV–gfp fusion at the 

native clpV locus (Figure 5.5C). Visualization of this strain using time-lapse fluorescence 

microscopy revealed punctate foci appearing, disappearing, and frequently reappearing at 

different subcellular locations, on a rapid time scale (Figure 5.5D). Inactivation of the system in 

F. johnsoniae through the deletion of tssC abrogated these foci, similar to what has been 

observed in the T6SSi pathway. It is worth noting that T6SSiii ClpV exhibits punctate localization 

and dynamic behavior in the absence of an apparent TssM homolog, whereas in T6SSi systems, 

TssM proteins are required for ClpV dynamics.  Taken together with our bioinformatic, 

secretomic, and phenotypic data, these findings strongly suggest that the T6SSiii pathway 

functions in a manner mechanistically similar to T6SSi despite a highly divergent and unique 

assemblage of core components. 

 

Bacteroides fragilis targets B. thetaiotaomicron via T6SSiii 

Motivated by our characterization of the T6SSiii pathway in F. johnsoniae, we sought to explore 

the relevance of our findings to human-associated Bacteroidetes. Our analyses indicate T6SSiii 

gene clusters are present in many members of the genus Bacteroides, including numerous 

prominent human gut residents (Figure 5.2C). To probe the potential for the T6SSiii pathway to 
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influence the behavior of these organisms in a physiological setting, we colonized germfree mice 

with a community containing B. fragilis, B. eggerthii, and the Proteobacterium E. coli, and 

measured T6SSiii expression. Quantitative reverse transcriptase (RT)-PCR of the cecal contents 

from these mice revealed the tssC gene in both Bacteroides species is expressed, at levels 

approaching (B. eggerthii) or exceeding (B. fragilis) the housekeeping transcript rpoD (Figure 

5.6A). 

 

Expression of tssC in the mammalian gut environment led us to hypothesize that the T6SSiii 

pathway could be employed by Bacteroides to target other Gram-negative human gut microbes, 

including other species of Bacteroides. To test this hypothesis, we assessed the ability of wild-

type B. fragilis to inhibit growth of the prominent human gut commensal B. thetaiotaomicron, 

which lacks a T6SS. Growth competition experiments revealed that B. fragilis reduces B. 

thetaiotaomicron growth by approximately two orders of magnitude (Figure 5.6B). Strikingly, 

this activity is almost entirely T6SSiii-dependent, as an in-frame, unmarked deletion of tssC 

(BF9343_1941) in B. fragilis renders this species largely unable to reduce B. thetaiotaomicron 

growth. These data demonstrate the capacity of T6SSiii to act between prominent human gut-

associated members of the genus Bacteroides. 

 

DISCUSSION 

With the bioinformatic and functional characterization of T6SSiii, it is now evident that the 

Bacteroidetes possess a means for contact-dependent interbacterial antagonism. This is in-line 

with the observation that Bacteroidetes frequently occupy contact-promoting, polymicrobial 

niches (170). Indeed, many of the organisms we identify the T6SSiii pathway within, including 
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Porphyromonas, Prevotella and Bacteroides spp, are highly adapted host-associated obligate 

anaerobes that predominate – as pathogens or commensals – within the most densely populated 

polymicrobial sites in the human body (172, 182). Thus, within sites such as the GI tract, oral 

cavity, and the vagina, where bacteria with T6SSiii are abundant, the pathway may play a broad 

role in defining community composition. 

 

By analogy with T6SSi and T6SSii, it is reasonable to speculate that T6SSiii has the capacity to 

mediate host cell interactions in addition to its now established role in interbacterial antagonism. 

Certain T6SSi and T6SSii pathways appear to specialize in either bacterial or host cell targeting, 

whereas others can act on both cell types (9, 14, 58, 60, 195, 196). Target range appears to be 

dictated, at least in part, by the specific complement and corresponding activities of the effectors 

transported by a system. For example, recent reports suggest that by virtue of structural 

conservation among the phospholipid constituents of cellular membranes, T6S effectors 

belonging to the Tle phospholipase superfamily can confer both anti-bacterial and anti-

eukaryotic activity (47, 183, 197). While members of the Tle superfamily are among the many 

apparent effectors of T6SSiii, the preponderance of predicted effectors that target peptidoglycan, 

a molecule found exclusively in bacteria, indicates that interbacterial antagonism is likely the 

basal function of the T6SSiii pathway. 

 

Despite lacking several T6SSi core components, including TssJ, L, and M, our observations 

suggest that T6SSiii functions in a fundamentally analogous manner. Both systems exhibit 

dynamic behavior, target effectors to the periplasm of recipients, and abundantly export VgrG 

and Hcp-family proteins. There are several conceivable explanations for these observations. One 
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possibility is that the unique T6SSiii components, TssN, TssO, and TssP functionally substitute 

for the missing components. This model is supported by the prediction that these components, 

like TssL and M, are integral membrane proteins (33) (198).  However, TssJ is a predicted 

lipoprotein that requires localization to the outer membrane for function, and so far a T6SSiii-

conserved predicted outer membrane-localized protein has not been identified. It is worth noting 

that TssJ, L, and M interact stably to form a trans-envelope complex (179). While it has been 

postulated that this complex facilitates the passage of bacteriophage-like proteins and effectors 

out of the recipient cell, there are little experimental data to support this notion. It is therefore not 

yet possible to rule out a model whereby the components shared between T6SSi-iii – namely those 

belonging to the bacteriophage-like sub-complex – represent the minimal structural assemblage 

of the T6SS. Distinguishing essential structural components from proteins with critical 

regulatory roles, for example, can be challenging (85, 108). Understanding the functional 

significance of the varied complement of core elements associated with T6SSi-iii will ultimately 

require both detailed biochemical approaches aimed at defining more precisely the roles of the 

individual proteins and ultra-structural characterization of the system. 

 

While T6SSi and T6SSiii are divergent, predicted effector proteins in T6SSiii-encoding organisms 

are often closely related to homologs in organisms possessing T6SSi. For example, homologs of 

Fte1 are readily identified in Acinetobacter spp as well as strains of E. coli. These homologs, like 

Fte1, are encoded adjacent to predicted periplasmic immunity proteins as well as VgrG, 

suggesting that they likely possess common modes of toxicity and export. The relative ease with 

which homologs of effectors that transit the T6SSi and T6SSiii pathways can be identified is 
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further indicative of the similarity between these two systems and suggests they might share a 

common pool of potential effectors exchanged through horizontal gene transfer. 

 

The gene encoding one of the putative substrates identified in our study, Fjoh_3274, is found 

adjacent to a locus that encodes a small protein possessing a DUF4280 domain (Fjoh_3275). In 

Fjoh_3274 homologs found in other species, these open reading frames are often fused, 

suggesting their function is linked. Structure prediction algorithms indicate a strong likelihood 

that DUF4280 adopts a fold closely related to the PAAR domain, which forms a pyramidal 

structure that is thought to recruit effector proteins to the apparatus via interaction with VgrG 

(48). Interestingly, proteins bearing DUF4280 are found in Gram-positive bacteria, a division of 

bacteria not known to possess a T6S-like pathway. Moreover, the genes encoding these proteins 

are often found adjacent to VgrG-like proteins. Our finding herein that the T6S pathway extends 

to the Gram-negative phylum Bacteroidetes raises the possibility that other organisms, even 

Gram-positive bacteria, may also possess related systems that have yet to be identified. By 

analogy, the antibacterial nature of the C-terminal polymorphic toxin domains of YD-repeat 

proteins was initially discovered in Gram-negative bacteria; however, more recent studies have 

found homologs of these toxin domains participate in interbacterial antagonism in Gram-positive 

organisms (199, 200). 

 

Colonization resistance is a property of the gut microbiota whereby it acts as a coherent, resilient 

entity that exhibits resistance to invading microbes (201). The importance of this property is 

exemplified by the enhanced susceptibility to pathogens observed following either depletion or 

dysbiosis of the gut microbial community during antibiotic treatment (202). Notably, recent 
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studies have also shown that individuals carry the same commensal strains in their gut 

microbiomes for years or decades, and that members of the Bacteroidetes exhibit the greatest 

stability (203). A complete molecular explanation for these observations will likely include 

metabolic exclusion (204), colonization of critical niches (205), and the production of diffusible 

antimicrobials such as bacteroicins (206). We posit that antagonistic contact-dependent 

interactions mediated by the T6SSiii pathway are another important contributor to colonization 

resistance and commensal stability. Interestingly, Turnbaugh and colleagues recently identified a 

transcript corresponding to a core T6SSiii element (vgrG) derived from Bacteroidales in a 

metatranscriptome of fresh human fecal samples (207). Moreover, another study showed that the 

physical environment of the gut is conducive to T6S-mediated interbacterial interactions (208). 

While experiments involving T6SSiii mutants within gut colonization models will be needed in 

order to directly establish its role in this environment, taken together with our demonstration of 

the antibacterial nature of the system, these findings are consistent with the hypothesis that 

contact-dependent interbacterial interactions occur among commensals in the human gut. 

 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

F. johnsoniae, B. thailandensis, P. putida, B. fragilis, B. eggerthii, and B. thetaiotaomicron used 

in this study were derived from the sequenced strains UW101, E264, KT2440, NCTC 9343, 

ATCC 27754, and VPI-5482 respectively (76, 136, 187, 209). E. coli strains used in this study 

included DH5α for plasmid maintenance and tri-parental conjugation of plasmids into F. 

johnsoniae and B. fragilis, Rosetta 2(DE3) (EMD Millipore) for toxicity experiments, 

BL21(DE3) pLysS for the expression and purification of Fjoh_3262, and Nissle 1917 for mouse 
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colonization experiments. F. johnsoniae was grown on modified tryptone yeast extract media 

(TYE, 10g tryptone, 5g yeast extract, and 1g MgSO4  per liter supplemented with 10 mM Tris-Cl 

pH 7.5 ) (210), PY2 (2g peptone, 0.5g yeast extract per liter) (211), synthetic CF sputum media 

(SCFM) (156), or Luria-Bertani media (LB) at 23 °C. B. thailandensis, E. coli, and P. putida 

were grown on LB at 37 °C or 30 °C (P. putida). All Bacteroides strains were cultured in liquid 

TYG medium (212) at 37 °C in a flexible anaerobic chamber (Coy Laboratory Products) 

containing 20% CO2, 10% H2, and 70% N2.  B. eggerthii  and B. fragilis were additionally 

cultured on either brain heart infusion (BHI; Becton Dickinson) agar supplemented with 10% 

horse blood (Colorado Serum Co. or Quad Five), or BHI supplemented with  50 µg/mL hemin 

(Sigma-Aldrich) and 0.5 µg/mL menadione (MP Biomedicals), respectively. Media were 

supplemented with antibiotics as needed for the following organisms at the indicated 

concentrations: F. johnsoniae – erythromycin (100µg ml-1), streptomycin (100 µg ml-1), and 

kanamycin (25 µg ml-1), P. putida – gentamycin (30 µg ml-1) and irgasan (25 µg ml-1), 

Bacteroides – gentamycin (200 µg ml-1), tetracycline (2µg ml-1), and erythromycin (10 µg ml-1), 

and E. coli – carbenicillin (150 µg ml-1), kanamycin (50 µg ml-1), streptomycin (50 µg ml-1), 

chloramphenicol (30 µg ml-1), and trimethoprim (200 µg ml-1) .Isopropyl-b-D-thiogalactoside 

(IPTG) and rhamnose were added in stated concentrations to media to induce expression in E. 

coli. Fluorescently labeled B. thailandensis and P. putida strains possessed GFP expression 

cassettes integrated into the attTn7 site as described previously (58, 213). A marked strain of B. 

thetaiotaomicron ∆tdk was generated by the introduction of a tetracycline resistance gene in a 

pNBU2 vector as previously described (214). Allelic exchange in F. johnsoniae was performed 

utilizing the method developed by McBride and colleagues, with streptomycin counter-selection 

performed on PY2 media instead of CYE media and all other growth steps on TYE rather than 
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CYE (190). The B. fragilis ∆tssC strain was constructed using the mobilizable Bacteroides 

suicide vector pNJR6 (215). B. fragilis cointegrants were selected using erythromycin, grown 

under non-selective conditions to allow merodiploid resolution, and individual colonies were 

tested for erythromycin sensitivity and subsequently screened for the mutation by PCR. The 

deletion was confirmed by sequencing. 

 

DNA manipulations 

The creation, maintenance and transformation of plasmid constructs followed standard molecular 

cloning procedures. All primers used in this study were obtained from Integrated DNA 

Technologies. DNA amplification was carried out using Phusion (New England Biolabs) in HF 

buffer with the addition of 1mM MgCl2.  DNA sequencing was performed by Genewiz 

Incorporated. Restriction enzymes were obtained from New England Biolabs.  

 

Plasmid construction 

Plasmids used in this study included pRR51 and PNJR6 for the introduction of non-polar 

mutations into F. johnsoniae and B. fragilis, respectively (190, 215), pCP11 for 

complementation (210, 216), pR600 for mobilizing plasmids into F. johnsoniae, R751 for 

plasmid mobilization into B. fragilis, pScrhab2 for the expression of immunity proteins (84), 

pET29b+ (Novagen) for the expression of proteins with a C-terminal His-tag, and pET22b+ 

(Novagen) for the expression of proteins directed to the periplasmic space with a C-terminal His-

tag. For the generation of deletion and genomic fusion constructs for F. johnsoniae, 2.2 kb 

regions flanking the locus of interest were amplified and serially cloned into pRR51 using 

BamHI, XbaI, and SphI sites. Similarly, the B. fragilis ∆tssC deletion construct was created by 
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amplifying two 1.5 kb flanks upstream and downstream of the gene, joining these regions by 

splicing by overlap extension PCR (217), and ligating the resulting product into pNJR6 after a 

SalI/BamHI digest. For the fte1 pET29b+ expression construct, the gene was cloned using 

NdeI/XhoI as fusion to the C-terminal His6 tag, and for the pET22b+ expression construct 

cloning was performed using BamHI/XhoI to generate a fusion to the PelB leader peptide and C-

terminal His6 tag. For the fti1 immunity expression construct, the gene was cloned without a stop 

codon into pScrhaB2 with an NdeI/XbaI digest and subsequently a linker region encoding a 

VSV-G epitope tag and a stop codon was introduced at the 3' end of the gene. The construct for 

the expression of tsi1 was described previously (105). In order to complement Fjoh_3266 (tssC), 

the predicted promoter region of the T6SSiii operon containing this gene was first cloned into 

BamHI-digested pCP11 using a BamHI/BglII digest to generate pCP11–pT6S. Into this vector, 

tssC and a 39 base pair upstream region that includes its ribosomal-binding site was cloned using 

a SacI/SmaI digest.  

 

Informatic analyses 

ClpV- and VgrG-like proteins from the Bacteroidetes were identified by automated annotation 

from NCBI blast servers (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (218). Hcp-like proteins were 

initially found within F. johnsoniae by PHYRE 2.0 (http://www.sbg.bio.ic.ac.uk/phyre2), and 

were thereafter identified by homology using blastp analysis (70). Other T6SS homologs were 

identified in T6SSiii gene clusters by the application of the iterative search algorithm jackHmmer 

(http://hmmer.janelia.org/search/jackhmmer) on the RefSeq protein database using seed proteins 

obtained from F. johnsoniae (186, 219). After manual removal of sequences likely to represent 

non-T6SS components, partial sequences, bacteriophage, or pseudogenes, sequences were 
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aligned utilizing MAFFT within Geneious set to automated strategy choice (220). These 

sequences were then clustered using the Geneious UPGMA algorithm and representative 

proteins were chosen by excluding related sequences with a calculated distance of less than 0.08 

residue differences per site. This representative set was then aligned using an online MAFFT 

server (http://mafft.cbrc.jp/alignment/server/) using the E-INS-i strategy, a BLOSUM62 scoring 

matrix, and a gap open penalty of 1.53 (220). For TssC and TssF trees these alignments were 

then trimmed using TrimAl set to the automated approach optimized for maximum-likelihood 

(ML) trees, and then further manually trimmed at ends to bound the alignment with regions of 

relatively high conservation (221). From these alignments ML trees were generated using a 

PHYML 3.0 server (http://www.atgc-montpellier.fr/phyml/), with the LG model of substitution 

(161). For the TssC ML tree consisting of only T6SSiii members, the original set of sequences 

obtained from jackHMMER before subsequent steps was filtered to remove all proteins not 

resident in T6SSiii clusters except for Acidobacterial sequences in T6SSiii-like clusters which 

were maintained for use as an outgroup. This subset was then aligned using the MAFFT G-INS-i 

strategy. This alignment was trimmed using TrimAl, and used to generate an ML tree using 

PHYML 3.0 as before. All tree branch supports were generated using the aBayes method within 

PHYML 3.0 (222). 

 

Domain prediction for Fjoh_3281 (clpV), Fjoh_3257 (Fte1), and Fjoh_3274 relied on automated 

prediction from NCBI, structure prediction from PHYRE 2.0, and hidden-markov model 

prediction by HMMscan and HHpred (70, 140, 219). The PAAR-like region of Fjoh_3257 was 

further identified through HHpred analysis performed on an alignment of proteins bearing 
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Fjoh_3257-like sequences at their N-termini. Predicted subcellular localization was obtained 

through use of SignalP 4.1 and TMHMM 2.0 (223, 224).  

 

Preparation of samples for secretome analysis 

Mid-log cultures of F. johnsoniae UW101 and F. johnsoniae UW101 ∆tssC grown in 2ml of 

SCFM were pelleted, washed, and used to inoculate 215 ml of SCFM to an OD600 of 0.001. Cells 

were then grown at 23 °C to an OD600 of 0.3-0.4 before being pelleted by centrifugation at 6000 

g for 15 min at 4 °C. To ensure complete removal of cells, the supernatant fractions were 

collected and spun again at 6000 g for 15 min at 4 °C. Deoxycholic acid was then added to the 

sample supernatants to a final concentration of 0.2 mg/mL followed by incubation on ice for 30 

min. Trichloroacetic acid (TCA) was then added to a final concentration of 8% (v/v) and the 

samples were incubated overnight at 4 °C. Precipitated proteins were pelleted by centrifugation 

at 18000 g for 30 min at 4 °C, dissolved in 4 mL ddH20, and re-precipitated by the addition of 32 

mL of pre-chilled 100% acetone followed by incubation at -20 °C for 2 h. The precipitate was 

spun at 18,000 g for 30 min at 4 °C, the supernatants discarded, and the pellets dried by 

evaporation. Samples were dissolved in 100 mM ammonium bicarbonate, 8 M urea and reduced 

by the addition of 1 mM Tris(2-carboxyethyl)phosphine (TCEP) followed by incubation for 1 h 

at 37 °C. Free cysteine residues in the protein samples were alkylated by adding iodoacetamide 

to a final concentration of 10 mM and incubated for 30 min at room temperature in the dark. 

Following quenching of iodoacetamide with 12 mM N-acetylcysteine, samples were diluted with 

100 mM ammonium bicarbonate to lower the urea concentration to 1.5 M before treating with 

sequencing grade trypsin (Promega) overnight at 37 °C. Peptides were diluted with 100% 

acetonitrile and 10% (w/v) trifluoroacetic acid (TFA) to a final concentration of 5% (v/v) and 
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0.1% (w/v) and applied to C18 spin columns (Pierce) that had been charged with two washes of 

100% acetonitrile followed by one wash with ddH2O. Bound tryptic peptides were washed twice 

in 5% (v/v) acetonitrile, 0.1% (w/v) TFA before elution with 70% (v/v) acetonitrile, 25 mM 

formic acid. 

 

MS analysis of tryptic peptides 

Peptide digests were analysed by electrospray ionization in the positive ion mode on a hybrid 

quadrupole-orbitrap mass spectrometer (Q Exactive™, Thermo Fisher, San Jose, CA). The Q 

Exactive was equipped with a nanoflow HPLC system (NanoAcquity; Waters Corporation, 

Milford, MA) fitted with a home-built helium-degasser. Peptides were trapped on a homemade 

100 µm i.d. × 20 mm long pre-column packed with 200 Å particles (5µm, C18AQ; Michrom 

BioResources, Auburn, CA, USA). Subsequent peptide separation was performed on an in-house 

constructed 75 µm i.d. × 180 mm long analytical column pulled using a Sutter Instruments P-

2000 CO2 laser puller (Sutter Instrument Company, Novato, CA) and packed with 100 Å 

particles (5 µm, C18AQ: Michrom). For each injection, an estimated amount of 1 µg of peptide 

mixture was loaded onto the pre-column at 4 µL min−1 in water/acetonitrile (95/5) with 0.1% 

(v/v) formic acid. Peptides were eluted using an acetonitrile gradient flowing at 250 nL min−1 

using mobile phase consisting of: A, water, 0.1% formic acid; B, acetonitrile, 0.1% formic acid 

with a total gradient time of 95 min. Ion source conditions were optimized using the tuning and 

calibration solution recommended by the instrument provider. Data were acquired using MS 

survey scans in the Orbitrap followed by data-dependent selection of the 20 most abundant 

precursors for tandem mass spectrometry. Singly charged ions were excluded from analysis. 

Data redundancy was minimized by excluding previously selected precursor ions for 60 s 
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following their selection for tandem mass spectrometry. Data were acquired using Xcalibur, 

version 2.2 (Thermo Fisher). Samples were analyzed in triplicate.  

 

Tandem mass spectra were searched for sequence matches against the UniProt F. johnsoniae 

UW101 database using MaxQuant v1.4.1.2 (225). The following modifications were set as 

search parameters: peptide mass tolerance at 6 ppm, trypsin digestion cleavage after Lys or Arg 

(except when followed by Pro), allowed missed cleavage site, carbamidomethylated cysteine 

(static modification), oxidized methionine, and protein N-term acetylation (variable 

modification/differential search option). Relative abundance of proteins was assessed using 

spectral counting (142). Proteins were filtered such that all had at least two unique peptides 

detected and possessed an average of three spectral counts in wild-type replicates. 

 

Protein expression and purification 

E. coli BL21 (DE3) cells (Novagen) harboring pET29b::Fjoh_3262 were grown in LB broth 

supplemented with kanamycin. Cells were grown at 37 °C to an OD600 of 0.6 before protein 

expression was induced with 1 mM IPTG for 4 h. Pelleted cells were then resuspended in 50 mM 

Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM imidazole and lysed by sonication. Following 

centrifugation, the cleared cell lysates were passed over a Ni2+-nitrilotriacetic acid affinity 

column using a linear gradient of 5–400 mM imidazole. The Fjoh_3262-containing fractions 

were then pooled and concentrated by spin ultrafiltration (10 kDa molecular weight cutoff, 

Amicon) before being further purified by size exclusion chromatography in 20 mM Tris-HCl, pH 

8.0, 150 mM NaCl. 
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Negative stain electron microscopy 

Purified Fjoh_3262-His6 was negatively stained by 0.75% uranyl formate using standard 

procedures (226). Images were collected on a transmission electron microscope T12 (FEI) at 

room temperature operating under 120 kV and recorded at a magnification of 68,000X on a 4k X 

4k Teitz CCD. The size of a pixel on the displayed image is 1.50Å. 

 

E.coli growth curves 

Overnight LB cultures of E. coli Rosetta cells bearing the indicated plasmids were diluted 1:40 

v/v in LB low salt (LB-LS, 10 g tryptone, 5 g yeast extract) without antibiotics (Figure 5.4B) or 

LB-LS supplemented with 0.1% w/v rhamnose (Figure 5.4D). Cells were then grown at 37 °C 

with shaking and measurements were taken of the optical density at 600 nm (OD600) every 30 

minutes. At 120 minutes cells were induced to express putative antibacterial proteins with the 

addition of 1 mM  (Figure 5.4B) or 50 µM (Figure 5.4D) IPTG. Growth continued to be 

monitored every 30 minutes until the end of the experiment. Whole cell fractions for the 

measurement of Fte1-His6 and peri-Fte1-His6 expression were prepared 120 minutes after 

induction as described previously (85). Western blot analysis of these fractions using anti-RNA 

polymerase and anti-His6 was performed using previously defined methods (105). 

 

Fte1 self-intoxication experiments 

F. johnsoniae strains bearing the indicated mutations were streaked onto 1.5% w/v agar TYE 

plates 24 hours prior to the experiment. Concomitantly, 2% w/v PY2 plates were produced. On 

the day of the experiment PY2 plates were dried for 30 minutes open to the air and a 

nitrocellulose membrane was placed on the surface. F. johnsoniae strains were then resuspended 
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in ddH2O to a final OD600 of 0.3 and 5 µl of this mixture was placed on the nitrocellulose 

surface. After 20 h of incubation at 23 °C cells were resuspended in ddH2O and stained with 

propidium iodide at final concentration of 5 µg ml-1 for 10 minutes. Cells were then pelleted and 

washed with ddH2O and readings were taken of turbidity (OD600) and propidium iodide 

fluorescence (excitation/emission at 535/617 nm). Experiments in liquid culture were performed 

identically with the modification that 1 µl of cell suspension was used to inoculate 1 ml of PY2 

liquid media, and after 20 h of growth 500 µl of culture was pelleted and washed in ddH2O prior 

to staining.  

 

Bacterial competition experiments 

For F. johnsoniae competition experiments, F. johnsoniae strains were streaked onto 1.5% w/v 

agar TYE plates 48 hours prior to the experiment. Cells grown from these plates were then 

resuspended to an OD600 of 0.06 in LB and 80 µl of this suspension was plated on a 1.5% w/v 

agar TYE plate 24 hours prior to the experiment. Concurrently, competitor cells bearing 

constitutive GFP reporters were streaked on LB 1.5% w/v agar plates and grown at 37 °C (B. 

thailandensis) or 30 °C (P. putida), and 2% agar w/v PY2 plates were generated. On the day of 

the experiment, the 2% agar w/v PY2 plates were dried for 30 minutes open to the air and 

nitrocellulose was placed on the agar surface. F. johnsoniae strains were respuspended from the 

TYE plates in ddH2O to an OD600 of 3.0, and B. thailandensis and P. putida were similarly 

resuspended to an OD600 of 0.3. Suspensions were mixed at a 4:1 v/v ratio of F. 

johnsoniae:competitor and 5 µl of this solution was spotted on the nitrocellulose surface. After 

20 h of growth at 23 °C competitions were harvested in 200 µl of LB and serial dilutions were 

generated. To obtain both initial and final counts of F. johnsoniae strains, dilutions were plated 
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on TYE plates and grown at 23 °C and colonies displaying clear F. johnsoniae morphology were 

enumerated. To obtain counts of B. thailandensis and P. putida, dilutions were plated on either 

LB or LB supplemented with irgasan and gentamycin, and grown at 37 °C or 30 °C, respectively, 

selecting against F. johnsoniae growth. For liquid competitions, steps were performed identically 

except that the competition was performed in 2 ml of PY2 liquid media inoculated with either 5 

µl (B. thailandensis) or 2.5 µl (P. putida) of cell suspension, and F. johnsoniae counts were 

obtained from P. putida co-cultures by plating on TYE supplemented with kanamycin.  

Visualization of competitions by photography and GFP fluorescence was performed 48 hours 

after the start of the experiment to allow for robust growth of GFP-labeled strains.  

 

For Bacteroides growth competition experiments, all strains were grown to stationary phase in 

TYG medium at 37˚C anaerobically. Optical densities were adjusted to 6.0 for B. fragilis strains 

and 0.6 for the B. thetaiotaomicron ∆tdk strain bearing a tetracycline resistance gene. Cells were 

mixed at a 1:1 v/v ratio, pelleted, resuspended in ddH2O, and 5 µl of each mixture was spotted 

onto nitrocellulose squares placed on BHI agar supplemented with 50 µg/mL hemin and 0.5 

µg/mL menadione. After incubation at 37˚C anaerobically for 24 h, competition mixtures were 

resuspended in TYG medium and serial dilutions were plated on BHI agar supplemented with 

10% horse blood, 200 µg/mL gentamicin, and 2 µg/mL tetracycline to select for B. 

thetaiotaomicron. 

 

Microscopic analyses of dynamic ClpV foci 

Time-lapse fluorescence microscopy sequences were acquired with a Nikon Ti-E inverted 

microscope fitted with a X60 oil objective, automated focusing (Perfect Focus System, Nikon), a 
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Xenon light source (Sutter Instruments), a CCD camera (Clara series, Andor), and a custom 

environmental chamber as described previously (151). NIS Elements (Nikon) was used for 

automated image acquisition. F. johnsoniae cells were prepared similarly to bacterial 

competition experiments with the modifications that the initial OD600 used was 0.75 and cells 

were harvested after 18h of growth as monocultures. After harvesting, cells were placed on 1.5 

% w/v agarose phosphate-buffered saline pads and visualized. Automated image acquisition was 

performed at 5s intervals for 6 minutes.  

 

Genomic DNA extraction 

B. eggerthii and B. fragilis were each grown to stationary phase in 5 mL liquid TYG medium. 

Genomic DNA was extracted by phenol-chloroform extraction and bead-beating as described 

(227). 

 

Gnotobiotic animal studies 

All animal experiments were performed using protocols approved by the Yale University 

Institutional Animal Care and Use Committee. Germ-free Swiss Webster mice were maintained 

in flexible plastic gnotobiotic isolators with a 12-hour light/dark cycle. Mice were individually 

caged (n = 5/group) and were provided with standard autoclaved mouse chow (5K67 LabDiet, 

Purina) ad libitum. On day 0, mice were gavaged orally with 2x108 CFU of each strain (B. 

fragilis, B. eggerthii, and E. coli). Animals were sacrificed on day 7 and samples were collected 

along the length of the gut. All samples were snap-frozen in liquid nitrogen and stored at -80˚C.  

To obtain RNA, mouse cecum samples were resuspended in RNAprotect Bacteria Reagent 

(Qiagen), and subjected to bead beating for two one-minute cycles. RNA was then extracted and 
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purified using the Trizol reagent (Invitrogen) according to the manufacturer’s instructions. 

Contaminating genomic DNA was removed by treating RNA preparations with Turbo DNase 

(Invitrogen) for one hour, followed by a second Trizol purification.  Prior to cDNA synthesis, 

RNA samples were checked for DNA contamination with PCR. From RNA samples in which no 

PCR product was detected after 35 cycles using primers targeting rpoD of B. fragilis, cDNA was 

synthesized using the iScript cDNA synthesis kit (Biorad). Quantitative PCR to measure gene 

expression was performed on cDNA samples using the SsoAdvanced™ Universal SYBR® 

Green Supermix (Biorad), and expression for each T6SS gene was normalized to rpoD 

expression levels in the same organisms. 
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Table 5.1: Summary of elements conserved in T6SSiii gene clusters. 
 

Name F. johnsoniae locusa B. fragilis locus 
Predicted 

Localizationb 
Present in 

T6SSi Pfam annotationc 

VgrG Fjoh_3260 BF9343_1930 Cytoplasmic Yes Phage GPD, Phage base V 

ClpV Fjoh_3281 BF9343_1940 Cytoplasmic Yes AAA, AAA-2, ClpB D2-small 

TssB Fjoh_3267 BF9343_1942 Cytoplasmic Yes None 

TssC Fjoh_3266 BF9343_1941 Cytoplasmic Yes DUF877 

TssE Fjoh_3263 BF9343_1932 Cytoplasmic Yes GWP gp25 

TssF Fjoh_3254 BF9343_1931 Cytoplasmic Yes None 

TssG Fjoh_3278 BF9343_1923 Cytoplasmic Yes DUF1305 

TssK Fjoh_3269 BF9343_1924 Cytoplasmic Yes None 

TssN Fjoh_3277 BF9343_1925 Inner-membrane No None 

TssO Fjoh_3268 BF9343_1921 Inner-membrane No None 

TssP Fjoh_3280 BF9343_1920 Inner-membrane No PKD domain 

Hcp Fjoh_3262 BF9343_1935 Cytoplasmic Yes None 
aLocus tag within F. johnsoniae UW101 or B. fragilis NCTC 9343. If paralogs exist only one is indicated.  
bPredicted localization derived from SignalP 4.1 and TMHMM 2.0 analysis of F. johnsoniae proteins. 
cAnalysis of F. johnsoniae proteins by the Pfam server (http://pfam.xfam.org/) 
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Table 5.2: Secreted proteins not detected the F. johnsoniae ∆tssC secretome 
 
 

Locus 
Taga Name Abundanceb Unique peptides 

detected 
Signal 

peptidec 
T6SSiii 
clusterd 

Molecula
r weight Predicted/determined function 

Fjoh_3262 Hcp 133 ± 3.5e 10 N Y 14.5 Secreted T6S structural component 
Fjoh_3260 VgrG 13.3 ± 1.5 5 N Y 66.0 Secreted T6S structural component 

Fjoh_3206 RemH 11.7 ± 2.3 4 Y N 16.9 Gliding motility 

Fjoh_0984 RemF 5 ± 1.0 4 Y N 16.8 Gliding motility 

Fjoh_3274 – 4 ± 1.0 3 N Y 102 T6SSiii effector 

Fjoh_3257 Fte1 3 ± 1.7 2 N Y 62.7 T6SSiii effector 
a Locus tags derived from F. johnsoniae UW101 (NCBI Accession NC_009441.1). 
b Average spectral counts of three technical replicates. 
c Signal peptide predicted using SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP). 
d The T6SSiii gene cluster comprises two apparent divergently transcribed operons (Fjoh_3254-Fjoh_3281), with the terminal gene of each 
operon encoding a conserved T6SSIII element. 
e Standard deviation of three technical replicates.  
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Figure 5.1:  T6S-like gene clusters are found within the Bacteroidetes. (A-C) Gene content 
and conservation both within and between selected representative members of T6SSi (A), T6SSii 
(B), and T6SSiii (C). Genes with commonly used tss nomenclature are abbreviated to a single 
letter. The Francisella tularensis FPI is depicted owing to its status as the only T6SSii to be 
characterized; however, this system lacks clear homologs of tssA and tssJ, which are present in 
representative T6SSii systems such the F. novicida gene cluster shown. Locus tags of the regions 
shown: B. thailandensis E264 BTH_I2705 and BTH_I2954-2968 (A); F. novicida U112 
FTN_0037-0054, F. tularensis SCHU FTT_1344-1361c (B); F. johnsoniae UW101 Fjoh_3254-
328, B. fragilis NCTC 9343 BF9343_1918-1943, P. veroralis F0319 HMPREF0973_02422-
02423 and HMPREF0973_02441-02466. Genes encoding F. johnsoniae T6SSiii substrates 
identified in this study (dark grey) and a validated immunity locus (light grey) are labeled. (D) 
Comparison of domain organization of ClpV homologs from T6SSi (B. thailandensis, Bt) and 
T6SSiii (F. johnsoniae, Fj) pathways. Colors denote homologous domains: blue, Clp N; red, 
AAA+; purple, ClpB D2. Sequences highlight the conservation of motifs implicated in ATP 
binding and hydrolysis within the Walker A and B motifs. (E) SDS-PAGE analysis of purified 
Fjoh_3262 bearing a C-terminal hexahistidine tag (Fj Hcp1–H6). Proteins were visualized by 
Coomassie Blue staining. (F) F. johnsoniae Hcp1 is a ring-shaped molecule with dimensions 
similar to Proteobacterial Hcp proteins. Transmission electron micrograph of purified Fj Hcp1–
H6 (E) negatively stained with uranyl formate. The arrowhead indicates a typical ring-like 
assembly. Scale bar, 40 nm.   
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Figure 5.2: T6SSiii is phylogenetically distinct from T6SSi and T6SSii.  
(A,B) Maximum likelihood (ML) phylogenetic trees generated from a partial alignment of (A) 
686 representative TssC sequences or (B) 881 representative TssF sequences spanning the 
diversity present in T6SSi, T6SSii, and T6SSiii gene clusters. Phyla represented by each system 
are indicated. Branch support values derived from aBayes analysis for the T6SSiii clade are 
shown. Scale bar represents amino acid changes per site. (C) ML tree created from a partial 
alignment of TssC sequences found within T6SSiii gene clusters. The tree is rooted with 
Acidobacterial TssC sequences. Lengths do not reflect evolutionary distance. Colors trace the 
Class from which each sequence is derived. Nodes representing TssC sequences of organisms 
discussed in the text and those of particular significance are marked with an asterisk. Branch 
support values were generated by aBayes analysis.  
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Figure 5.3: Acidobacterial homologs to Bacteroides T6SS components do not reside in 
T6SSiii gene clusters. Genomic context of Acidobacterial proteins closely homologous to T6SSiii 
components. Genes with commonly used tss nomenclature are abbreviated to a single letter, and 
are colored identically to Figure 5.1A.  
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Figure 5.4: F. johnsoniae T6SSiii exports an antibacterial protein that is encoded adjacent 
to a cognate immunity determinant. (A) Domain organization of the putative substrates of F. 
johnsoniae T6SSiii. PAAR-like (blue), zinc-dependent metalloprotease (red), glycoside hydrolase 
(green), and zinc-dependent peptidoglycan amidase (purple) domains are indicated. Expanded 
amino acid sequences in each domain correspond to conserved motifs and invariant or critical 
catalytic residues (red). (B,D) Growth of E. coli strains harboring the indicated expression 
vectors. Empty vectors (control) and vectors that introduce an N-terminal Sec signal peptide 
(peri) are indicated. Cells were induced to express predicted immunity proteins (D) at time 0 and 
Fte1 at the indicated time point (arrow). Type VI secretion immunity protein 1 (Tsi1) is used as a 
non-cognate immunity control. Error bars represent ± standard deviation (SD) (n = 3). (C) 
Western blot analysis performed on E. coli containing expression vectors for Fte1–H6 or Fte1–H6 
directed to the periplasm (peri) under induction identical to (B). RNA polymerase (RNAP) was 
used as a loading control. (E) Intercellular self-intoxication of the indicated F. johnsoniae strains 
as measured by propidium iodide staining. Liquid cultures were grown with vigorous shaking, 
which inhibits the formation of the prolonged cell–cell contacts required for T6-mediated 
interactions (14, 151). Error bars represent ± standard deviation (SD) (n = 3). Samples differing 
significantly from parent as measured by a two-tailed T-test are indicated by asterisks (p < 0.01). 
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Figure 5.5: F. johnsoniae utilizes a dynamic T6SSiii apparatus to target competitor 
organisms. (A-C) Growth experiments measuring fitness of the indicated F. johnsoniae (Fj) 
strains in co-culture for 20 hours with fluorescently-labeled competitors B. thailandensis (A and 
C, Bt) or P. putida (B, Pp). Competitive index is defined as the change in F. johnsoniae 
competitor colony forming units between initiation and harvest of the co-culture. Experiments 
were performed under contact-promoting (solid) and contact-inhibiting (liquid) conditions. 
Qualitative analysis of competition outcome by photographic (P) and fluorescence (F) imaging is 
shown for corresponding samples grown under contact-promoting conditions after 48 hours of 
co-culture. Error bars represent ± SD (n = 3). (D) Micrograph series depicting a 10s time course 
of wild-type F. johnsoniae clpV–gfp. Phase and GFP channels are presented separately. Three 
dynamic foci were observed over the duration of the experiment (arrowheads), and the presence 
or absence of each focus in each frame is schematized in the phase micrographs with white or 
unfilled circles, respectively.  
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Figure 5.6: The T6SSiii pathway is expressed and active in the genus Bacteroides. (A) 
Quantitative RT-PCR analysis of the in vivo expression of tssC for the indicated bacteria. 
Expression was measured in cecal samples from germfree mice colonized for one week with B. 
fragilis, B. eggerthii, and E. coli and normalized using species-specific primers for the 
housekeeping sigma factor, rpoD. Error bars represent ± standard error. (B) Growth competitions 
measuring viability of B. thetaiotaomicron after 24 h in the presence of the indicated B. fragilis 
strains on solid media. B. thetaiotaomicron growth was normalized to values obtained in the 
absence of B. fragilis. Viability was determined by colony forming units. Error bars represent ± 
SD (n = 3). Significance as indicated by asterisks was measured by a two-tailed T-test (p<0.002), 
n.s.; no statistical difference.  



 155 

 

 

 

 

 

 

 

 

CHAPTER VI 

Conclusions and future directions 

 

Portions published as: Russell, A.B., Peterson, S.B., Mougous, J.D. 2014. Nature Reviews 

Microbiology 12, 137-148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A.B.R. contribution: Wrote the section excerpted in this chapter.



 156 

CONCLUSIONS 

The type VI secretion system (T6SS) is a complex pathway mediating the delivery of 

antibacterial effector proteins between diverse Gram-negative organisms, and, rarely, virulence 

factors to eukaryotic cells. As the T6SS, unlike other mechanisms of competition such as 

contact-dependent growth inhibition (CDI) or bacteriocins, is relatively indiscriminate in 

targeting, its ecological consequences are potentially far-reaching (1, 61, 177). Increasing the 

impact of this pathway is its abundance throughout two significant Gram-negative phyla, the 

Proteobacteria and the Bacteroidetes – in which it can be found in at least one representative 

strain of approximately one fifth of all species (6, 228). Notably, this includes a number of 

environmental and human-associated organisms of interest such as the important commensal gut 

microbes and opportunistic pathogens Escherichia coli and Bacteroides fragilis, the ubiquitous 

oral commensal Prevotella veroralis, and a slew of opportunistic and professional pathogens 

such as Pseudomonas aeruginosa, Vibrio cholerae, and Burkholderia pseudomallei.  

 

Initially in my thesis work, I characterized two effectors, type VI secretion exported 1 and 3 

(Tse1 and 3), of the P. aeruginosa H1-T6SS. Through a collaborative effort, it was identified 

that Tse1 and Tse3 possess peptidoglycan amidase and glycosidase activity, respectively, 

attacking different bonds within the cell wall superstructure (105). Both of these effector proteins 

are delivered to the periplasmic compartment of recipient cells, and, due to this, their associated 

immunity proteins localize to that same compartment. These findings represented several 

important contributions to the field of interbacterial T6S: 1) That peptidoglycan, a bacterially-

restricted molecule, can be the target of T6SS effectors, 2) that effector proteins can exert 

toxicity from the periplasmic compartment, and 3) that the effector–immunity paradigm first 
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established in the study of the H1-T6SS effector Tse2 and its immunity protein Tsi2 could be 

extended to additional substrates of the T6SS (14). 

 

We also found that effectors possessing cell wall amidase activity are widespread in organisms 

possessing T6S. Using a heuristic approach derived from physical features of known 

interbacterial T6SS effectors we were able to identify four non-homologous families of T6S-

delivered pepidoglycan amidases, named Tae1-4 (type VI amidase effector 1-4) (149). As 

peptidoglycan is unique to bacteria, the presence of a tae within a genome extended presumptive 

antibacterial activity to a number of before-uncharacterized T6SSs distributed throughout the 

Proteobacteria. Additionally, each Tae family was found to exhibit distinct substrate specificity, 

indicating that multiple bonds in the peptide crosslinks of peptidoglycan serve as sites of attack 

by interbacterial T6S. This potentially reflects adaptation to the modifications observed in Gram-

negative peptidoglycan such as O-acetylation of glycans, modification of the free α-carboxylate 

of D-glutamate, and incorporation of non-canonical D-amino acids (129, 229, 230). Not only are 

distinct enzymatic activities displayed by each of the Tae families, but also immunity provided 

by cognate Tai (type VI amidase immunity) proteins exhibits allele specificity both within and 

between families. This indicates that there is not a common, conserved, interface by which an 

immunity protein interacts with its cognate effector, suggesting diversifying selection due to 

escalating arms races between bacteria with each striving to escape neutralization by a 

competitor's endogenous immunity.  

 

Peptidoglycan is not the sole target of antibacterial effectors, and I was able to identify an 

additional superfamily of T6SS antibacterial effectors that possess phospholipase activity, the 
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Tle (type VI lipase effector) proteins (183). Like the Tae effectors and Tse3, Tle proteins are 

toxic when directed to the periplasm and are associated with cognate periplasmic immunity 

determinants, the Tli (type VI lipase immunity) proteins. Similar to the Tae superfamily, distinct 

families of Tle effectors exhibit different substrate specificities, with the characterized members 

of Tle1,2, and 5 families acting as phospholipase A2, A1, and D enzymes, respectively. Unlike 

peptidoglycan, the target of Tae proteins, phospholipids are conserved between eukaryotes and 

bacteria. Secreted and translocated phospholipases that target phospholipids that are either 

unique to eukarya, or that exhibit conditional activation upon delivery are commonly found in 

pathogens as potent mediators of virulence (145). Therefore early studies on Tle proteins focused 

only on their potential roles in pathogenesis. Indeed, several Tle proteins were found to 

contribute to virulence in animal and cell culture models of disease (47, 146, 197). However, our 

findings that bacterial-associated phospholipases could act in interbacterial antagonism has 

forced a reevaluation of assumptions concerning secreted phospholipases, and, for those 

instances where Tle proteins do appear to target both bacteria and eukaryotes, have suggested 

that interbacterial competition could be one factor enriching for the evolution of potent virulence 

factors.  

 

Lastly, the presence of tle1 homologs within the Bacteroidetes genus Prevotella led me to 

investigate the presence of the T6SS in this diverse phylum of Gram-negative bacteria (228). 

Initial analyses of the T6SS found the intact system limited to the Proteobacteria and a few 

Acidobacteria, Cyanobacteria, and Planctomycetes (6). Using paradigms of interbacterial 

effector–immunity pairs as a guide I was able to identify a large cluster of genes within 

Bacteroidetes containing clear homologs of the T6SS component vgrG, one or more likely 
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antibacterial proteins associated with putative immunity determinants, and eleven other 

conserved elements. Further analysis of all twelve (including vgrG) conserved genes revealed 

that they encode a putative secretion system containing distant homologs of nine of the thirteen 

components of the Proteobacterial T6SS and three unique proteins found only within 

Bacteroidetes. Subsequent study of this gene cluster in the organism Flavobacterium johnsoniae 

revealed that it encodes an active secretion apparatus which translocates antibacterial effectors to 

recipient bacteria in a contact-dependent fashion. These and other observations led us to the 

conclusion that Bacteroidetes possess a divergent T6SS comprised of a distinct assemblage of 

components. This explained the presence of T6SS effectors and associated domains in the 

Bacteroidetes, identified not only by our work, but also in larger informatic studies (184). Most 

importantly, the identification of T6S in the Bacteroidetes extended those findings procured in 

Proteobacteria to an even larger group of organisms, including those of human importance such 

as B. fragilis. Of particular relevance, our collaborators in Andrew Goodman's lab were able to 

demonstrate that the B. fragilis T6SS can be used to restrict the growth of another intestinal 

commensal of significant abundance, Bacteroides thetaiotaomicron, suggesting that further study 

is warranted concerning the impact of this system on the human microbiome. 

 

The study of T6SS effectors has provided significant insight into the mechanisms and function of 

this secretion system. The work described in this dissertation is hardly the only research in this 

area, and it should be noted that significant strides have been made in identifying T6SS effectors 

by other, additional, studies (47, 51, 178, 231). Indeed, in addition to phospholipids and 

peptidoglycan, other targets of T6SS effectors, such as nucleic acids, have been identified (200, 

232). However cataloging and characterizing effectors, while still useful, will likely no longer 
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provide the leaps in understanding provided by these initial studies. Rather, with the ability to 

examine distribution, regulation, and evolutionary history of effector proteins we may now 

generate more nuanced hypotheses as to the adaptive significance of the T6SS. This includes 

reconsidering whether the basal function of the T6SS is solely to serve as an antagonistic 

pathway, or whether there might be additional roles this system might play in interbacterial 

interactions. It is these possibilities, outlined below, that will be of great importance as the field 

of T6S moves forward.  

 

FUTURE DIRECTIONS 

The case for interbacterial antagonism mediated by the T6SS 

 Before considering alternate hypothesizes for the function of the T6SS, it is important to note 

the sum total of all evidence supporting the hypothesis that this system predominantly functions 

in interbacterial antagonism. This role for the T6S has received significant attention, and has 

been the basal hypothesis of this dissertation. Indeed reports describing systems in Burkholderia 

thailandensis, P. aeruginosa, V. cholerae, V. parahaemolyticus, Serratia marcescens, 

Citrobacter rodentium, P. syringae, F. johnsoniae, B. fragilis, A. tumefaciens, and Acinetobacter 

baumanii demonstrated that they provide increased fitness when these organisms are grown in 

competition with other bacteria in the laboratory (14, 58, 60, 107, 228, 232-236). It is important 

to note, however, that bacteria live in dynamic communities often consisting of many species in 

close-association with each other and with additional biotic and abiotic elements. As it is within 

these complex surroundings that T6S evolved, it is difficult based solely on laboratory 

competition experiments to define with confidence the adaptive significance of the pathway. 

Nevertheless, in combination with growth competition studies, the results of biochemical, 
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genomic, and regulatory analyses have – as outlined below – produced evidence to support the 

argument that many T6SSs do play a direct role in interbacterial competition. As mentioned, T6S 

effectors act on bacterial structures that are both essential and highly conserved. Therefore, these 

proteins seem to have evolved to exert deleterious effects on a broad array of competitors. The 

mechanisms by which these proteins attack and disrupt essential pathways further supports their 

role in antagonism. The structures of amidase-type T6S effectors have revealed open active sites, 

devoid of inhibitory regulatory domains present in similar housekeeping enzymes (45, 192-194, 

237, 238). The measured activities of effectors support the predictions that these proteins lack 

stringent regulation, as many studied thus far display activity in vitro in the absence of co-

activators (45, 105, 149, 239). Mirroring their in vitro activity, T6S-dependent intoxication of 

cells by amidase and phospholipase effector proteins results in rapid lysis due to cell wall and 

membrane damage, respectively (45, 151, 183). Overall, biochemical analyses of T6S effectors 

have provided evidence consistent with these proteins participating in antibacterial antagonism. 

 

Genomic and evolutionary evidence further supports the involvement of T6S in interbacterial 

antagonism. First, immunity proteins are maintained in organisms lacking cognate effector 

proteins (149). While these orphan immunity proteins have no demonstrated functionality, their 

persistence suggests a selective pressure deriving from attack by other organisms. Second, active 

effector proteins are, without exception, found in the presence of immunity proteins. This 

underscores the fitness cost associated with effector intoxication in the absence of immunity. 

Lastly, the role of T6S in interbacterial antagonism is supported by the fact that bacteria-

targeting T6S has not been demonstrated in organisms living in privileged sites protected from 

competition from other bacteria. Moreover, in one example, Burkholderia mallei, interbacterial 
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T6SS was lost concomitantly with its evolution from a free-living saprophyte to an obligate 

pathogen (58). 

 

Observations regarding bacterial antagonism have led Cornforth and Foster to postulate that 

bacterially encoded antibacterial toxins could be preferentially produced in response to 

competition-specific stresses (240). Interestingly, it has been demonstrated both in intra- and 

inter-species interactions that the activation of the T6SS in one cell can stimulate the system in 

neighboring cells (151, 241). This recognition is sufficiently integral to the activity of the P. 

aeruginosa H1-T6SS that inactivation of the T6SS of a competitor organism grants resistance to 

intoxication. Therefore, the intercellular positive regulatory behavior of some T6SSs appears to 

conform to the predictions of an antagonistic pathway, although it should be noted that not all 

T6SSs appear to utilize this form of regulation (241).  

 

The conditions that regulate the production of a pathway can provide valuable insights into its 

physiological function. Some T6SSs, such as the H1-T6SS of P. aeruginosa and the V. cholerae 

O1 T6SS, are repressed by quorum signaling (147, 242). This indicates that these systems are 

active when cells have not established a dense community, and therefore, if operating 

antagonistically, their function might be to aid in the colonization of surfaces via the 

displacement of competing bacteria. Conversely, other T6SSs, such as the H2-T6SS of P. 

aeruginosa, are induced under conditions of high cell density (147). These T6SSs could be 

involved in the defense of communities from invading organisms, or, alternatively, in the 

invasion of communities of organisms that produce compatible quorum signals. Additionally, 

some T6SSs are regulated by environmental cues, such as temperature, pH, or iron availability 
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(164, 243-246). With respect to interbacterial antagonism, these signals may indicate the passage 

of organisms to an environment in which competitor bacteria are present. 

 

 

Potential roles for T6S beyond antagonism 

While significant evidence exists for an antagonistic role for many T6SSs, there remains the 

possibility that some of these systems might serve purposes beyond competition. Similar to the 

original discovery that the T6SS could act between bacteria, these hypotheses could represent 

significant shifts in how the T6SS is studied.  One of the most compelling pieces of evidence that 

indicates additional roles for the T6SS is that it is often activated under conditions of high cell 

density (109, 147, 242, 247). Since clonal expansion can lead to spatial segregation of cells as 

clusters of closely related groups, these T6S-activated cells are likely to be primarily contacting 

immediate progeny (248). Under such conditions, T6S could be utilized for defending the 

assemblage; however, the significant amount of kin-targeting that must also occur argues that 

additional hypotheses should be entertained. It is worth noting the diffusible antibiotics are also 

generally produced under high quorum (240). Nevertheless, unlike the T6SS these products can 

act on competitors located at a distance and thus are not restricted to acting on their likely 

isogenic neighbors.  

 

An instructive frame of reference for generating hypotheses concerning isogenic intoxication is 

toxin-antitoxin (TA) systems (59, 249) and indeed, analogies have been made between TA 

systems and T6SS effectors (106). While TA systems are not generally thought to act in trans 

nor depend on additional machinery to exert their effects, when considering only isogenic 
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intoxication there exists the possibility of considerable functional overlap between TA systems 

and antibacterial T6SS E–I pairs. In this respect it is important to note that TA systems, once 

considered mainly in the context of plasmid addiction and selfish genetic elements, have recently 

received much attention for their roles in metabolic regulation, stress responses, biofilm 

formation, and phage defense (59, 250-255). It is in light of these, and other findings, that we 

below examine alternative roles for the T6SS, the testing of which will likely deepen our 

understanding of the T6SS. 

  

T6S function in signaling 

Many bacteria appear to only transiently exist as independent cells, and instead form complex 

multicellular communities punctuated by dispersal events (256). Communication is essential to 

the establishment and maintenance of these communities; however, previous studies have largely 

focused on this communication via soluble quorum signaling molecules, and not on contact-

dependent mechanisms (257, 258). The latter has the advantage in tight quarters of also 

providing information concerning the number and the identities of immediately adjacent cells. 

Notably, in "true" multicellular organisms, direct cell-to-cell signaling is found alongside the 

production of soluble signaling molecules (259), underscoring the importance of both contact-

dependent and contact-independent mechanisms.  

 

It is possible that T6SS effector proteins might play a role in signaling between isogenic cells. 

This could be due to either residual activity of the effector or the E–I complex itself might act as 

a signaling molecule. The use of toxic effector proteins as signaling molecules is appealing in 

this respect, as intended recipient organisms successfully interpret the signal, whereas non-
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intended recipients experience antagonistic effects. Also, the activities of cell wall remodeling 

effector proteins are consistent with known mechanisms of interbacterial signaling. For example, 

in Mycobacterium tuberculosis and Micrococcus luteus cell wall remodeling enzymes have been 

observed to trigger changes leading to recovery from the viable but non-culturable (VBNC) 

growth state (260-263). While Gram-positive organisms can be resuscitated by neighboring cells 

producing these enzymes, the Gram-negative outer membrane inhibits this mechanism. However, 

T6SS-dependent delivery of resuscitation enzymes to the periplasm could overcome this and 

allow active cells to "wake" their neighbors. 

  

Enforcement of social behaviors 

Cooperative activities are susceptible to the evolution of non-cooperating organisms, which take 

advantage of public goods without contributing to the metabolic cost of their production (264, 

265). One mechanism that has been proposed to overcome this tendency is enforcement by 

imposing a cost to non-cooperation. Intoxication by T6SS effectors could be one means by 

which enforcement is accomplished. The known co-regulation of effectors and immunity 

proteins with social activities would prevent a target organism from failing to cooperate as it 

would also fail to produce immunity determinants. In P. aeruginosa and P. protegens it has been 

observed that E–I loci are within the Gac-Rsm regulon, which also includes a number of social 

behaviors such as the production of exopolysaccharides (14, 42, 119, 121, 231).  

 

Community structure 

Intoxication by effector proteins, while deleterious, might also contribute to the three-

dimensional architecture of bacterial communities. Indeed, a gross defect in biofilm formation 
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has been observed for T6SS mutants in several organisms (10-12). In isogenic aggregates, cells 

undergo differentiation. Some of this differentiation, such as senescence or death with 

subsequent lysis, mirrors the results of attack by antagonistic molecules (266). The Tse2 effector 

of P. aeruginosa is bacteriostatic to other P. aeruginosa cells and could induce senescence (106). 

Interestingly, a role for Tse2 in interspecies competition has not been found, and, as it is present 

in all sequenced P. aeruginosa strains, Tse2 is unlikely to be a mediator of intrastrain 

competition (14). Another cell fate, lysis, which releases DNA, an important structural 

component of extracellular matrices, could likewise be induced by cell wall-degrading or 

phospholipase effector proteins (45, 105, 183, 267). Since all cells in an isogenic population 

would be expected to possess both immunity and effector genes, a mechanism for differential 

susceptibilities to exchanged effectors must be invoked. Heterogeneity in gene expression is 

frequently observed in cellular aggregates due to microenvironmental differences found within 

complex communities (268). In this manner positional cues might induce differential immunity 

expression, allowing T6SS-dependent intoxication.  

 

Phage defense 

It is known that TA systems can be used to induce suicide in phage-infected bacteria, which 

protects nearby cells from infection (254). The importance of this defense mechanism is 

underscored by the evolution of phage proteins that inhibit the pathway (269). T6S effector 

proteins could likewise be used to remove adjacent infected organisms. Analogous to TA-

mediated phage defense, an infected organism whose cellular machinery has become hijacked to 

produce phage particles might then become susceptible to effector intoxication as its pre-existing 

immunity proteins become depleted. The use of T6S for this purpose may be particularly 
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advantageous, as T6S-assisted suicide does not depend on machinery within the infected cell. 

Thus, this strategy is possibly less susceptible to inhibition by the phage. 

 

Research on the T6SS began with the assumption that it, like the T3SS and T4SS, would target 

potent effector proteins to eukaryotic cells. The finding that this system could mediate 

interbacterial interactions has granted significant insight into its function in the vast majority of 

bacteria. Moreover, these findings coincided with a renaissance in microbial ecology that has 

brought with it a greater appreciation for the dynamics of bacterial populations and the impact 

that microbial communities have on both human and environmental health. This work provides 

insight into the mechanisms by which bacteria influence each other via the T6SS, providing a 

solid basis for further ecological studies of the in situ roles that this system might fulfill.  
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