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Summary

Bacterial Type VI Secretion Systems (T6SS) function as contractile nanomachines to puncture
target cells and deliver lethal effectors. In the ten years since the discovery of the T6SS, much has
been learned about the structure and function of this versatile protein secretion apparatus. Most of
the conserved protein components that comprise the T6SS apparatus itself have been identified
and ascribed specific functions. In addition, numerous effector proteins that are translocated by the
T6SS have been identified and characterized. These protein effectors usually represent toxic
cargoes that are delivered by the attacker cell to a target cell. The field is beginning to better
understand the lifestyle or physiology that dictates when bacteria normally express their T6SS. In
this Chapter, we consider what is known about the structure and regulation of the T6SS, the
numerous classes of antibacterial effector T6SS substrates, and how the action of the T6SS relates
to a given lifestyle or behavior in certain bacteria.

Introduction

The type VI secretion system (T6SS), a Gram-negative secretion pathway (1, 2), delivers
effectors upon direct contact with a target cell (3, 4). Death of the target cell is the primary
outcome that follows the delivery of the lethal effectors, which are translocated from the
attacker cell cytoplasm into the periplasm of the target cell via a T6S apparatus in a contact-
dependent process (5, 6). It is well known that bacteria release bactericidal agents such as
bacteriocins and antibiotics into the extracellular environment as a means to indiscriminately
eliminate bacterial competitors (7). In addition, it is now understood that many Gram-
negative bacteria also use the T6SS to directly antagonize bacteria in close proximity (5).
Direct antagonism of neighboring cells can provide a selective advantage for bacteria in their
natural habitat in dense biofilm communities or during a multicellular life-style that requires
direct contact and cooperativity (8, 9). As a consequence, bacteria benefit from a specific
mechanism that depends on cell-cell contact to discriminate between one another and
eliminate non-self bacteria, potential cheaters, or competitors from the population. In
particular, lethal action of the T6 contractile puncturing device provides a specific advantage
for bacteria that possess the T6SS to discriminate, recognize, and kill competitors.

Many secretion systems are present in Gram-negative bacteria that function to translocate
proteins. The T6SS is the most recently identified secretion system; the gene clusters that
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encode the system were named the T6SS following a genetic screen in Vibrio cholerae (2).
Interestingly, genes or proteins that belong to or are dependent on the T6SS had been
previously identified, mainly as virulence (or symbiosis) factors (10—13). In Rhizobium
leguminosarum, a gene cluster later to be appreciated as encoding a T6SS was identified that
played a role in symbiosis and was required for protein secretion (11). A proteomics study
examining secreted proteins of Edwardsiella tarda also identified a large conserved gene
cluster with noted similarity to the one identified in R. leguminosarum that was proposed to
encode a novel protein secretion system (13). The widespread presence of T6SS genes were
also noted prior to functional classification and discovery of the actual T6SS machinery (14—
16). The T6SS has now been studied extensively in numerous organisms. Here, we consider
much of what has been well-characterized since the T6SS was discovered nearly a decade
ago.

T6SS Structural Components

Hcp and VgrG

The first discovered and most studied components of the T6SS are Hep and VgrG (2), which
are both secreted and required for T6SS activity (1, 2). These two components comprise the
hollow tube and puncturing tip that is delivered by the action of the T6SS. Bioinformatic
analysis (3) and structural analysis show that VVgrG is an excellent match with the cell
puncturing T4 bacteriophage tail spike (17). This structural study provides compelling
evidence that Hep and VgrG assemble to form a membrane puncturing device. While direct
evidence that VVgrG is indeed the puncturing tip is lacking, work on Hcp has demonstrated
that it forms a tube made of hexameric “stacked rings” (1, 18). Additional studies have
predicted that the Hcp tube would form a complex with a trimeric VgrG tip (17, 19 20). Itis
now apparent that the T6SS functions in a manner analogous to an inverted phage tail and
tube (21).

VipA and VipB

As predicted, the T6SS is known to contain proteins that assemble to form a sheath
structure. The sheath proteins, VipA and VipB (or TssBC), have been shown to form tube
structures or polysheaths (22, 23). It was also noted that the VipA and VipB polysheaths
appeared to disassemble, an event dependent on ClpV-mediated ATP hydrolysis (22). The
appearance of these tubules is remarkably consistent with T4 phage tail sheaths and suggests
a common molecular mechanism between bacteriophage and T6SS function (24—26). When
the bacteriophage tail or a T6SS make contact with target cells, contraction of the respective
sheath delivers a puncturing device that facilitates delivery of phage DNA or T6SS effectors,
respectively (Figure 1). The contraction event is presumed to coincide with effector secretion
into target cells (27—30).

Effector delivery module

The structure of the contractile sheath of the T6SS has been particularly well characterized.
Cryo-electron microscopy and reconstruction of contracted VipA/B tubules have shown that
the tubule is constructed of six protofilaments arranged in a right-handed helical
arrangement (31). This symmetry has been described as an assembly of stacked hexameric
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rings analogous to the T4 tail sheath (31—33). An insightful result from these structural
studies has shown that the ClpV recognition motif of VipB is buried in the protofilament of
the elongated sheath and becomes exposed in the contracted sheath structure (31, 33). This
distinct outer layer of the T6SS sheath is a key difference from the architecture of the
bacteriophage tail sheath and facilitates interactions with the ClpV ATPase, which enables
multiple rounds of sheath extension and contraction via a contraction-state-specific recycling
mechanism (31, 33). This ability of the T6SS sheath to be re-used is in contrast to the
bacteriophage tail sheath that only can be contracted once. In support of this, T6SS sheath
recycling and activity has been visualized in real-time using fluorescent reporters fused to
VipA (Figure 2) (8, 29). Collectively, evidence has led to a parallel assembly pathway
between T6SS and bacteriophage morphogenesis. A proposed mechanism to form the T6SS
effector delivery module is VVgrG attracts Hcp that forms a hollow inner tube of stacked
hexamers and Hcp tube formation then recruits and facilitates assembly of the outer tubule
sheath structure (34).

Envelope-spanning complex

The phage-like T6SS tail or effector delivery module is anchored to the cell membrane by a
trans envelope complex (35). These additional structural components of the T6SS are TssL,
TssM, and TssJ, which form the envelope-spanning complex (36, 37). The minimal core set
of conserved membrane proteins required for T6SS function are the inner membrane
proteins TssL and TssM as well as the outer membrane lipoprotein TssJ (35—38). These
proteins are connected by interactions between TssM and TssL, and TssM and TssJ (35, 36,
39, 40). This envelope spanning complex has been shown to be assembled by the sequential
addition of the three subunits, TssJ, TssM and TssL (41). The structure of the fully
assembled envelope complex was determined by negative-stain electron microscopy and was
shown form a large base in the cytoplasm (41). The envelope spanning complex was also
observed to extend into the periplasm to form a double-ring structure containing the
carboxy-terminal domain of TssM and TssJ that is anchored in the outer membrane (41).
This structural study of the T6SS envelope complex suggests that conformational changes
allow passage of the puncturing device made of the Hcp tube and VgrG spike through a
transient pore in the outer membrane (41). Additionally, the cytoplasmic protein TssK has
been shown to interact with Hep, TssL, and TssC and is proposed to link the sheath-Hcp-
VgrG complex to the envelope-spanning complex (42). Thus, it is not unreasonable that the
assembled effector delivery module interacts with the membrane-spanning complex via
TssK.

T6SS Effectors

The delivery module of the T6SS can translocate a diversity of protein effectors into the
target cell. It is notable that the core T6SS genes, which encode structural components, are
highly conserved across bacterial species (Figure 3), in contrast to the clear diversity among
effectors identified from these same organisms. These T6SS effectors have been identified
using a number of techniques and the toxic activities for many of the identified effectors
have been biochemically characterized. T6SS effectors include VgrG, PAAR domain
containing proteins that associate with VVgrG, Rhs repeat proteins, and effector proteins that
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may be delivered within the hollow Hcp inner tube. The known and suspected activities of
T6SS effectors include amidases, lipases, nucleases, and chaperone functions.

Identification of effectors

Both biochemical and bioinformatics approaches have been successfully used to identify
T6SS effectors. One study to identify T6SS effectors used bioinformatic analyses based on
known P, aeruginosa effectors; this heuristic approach led to the identification of a
superfamily of amidase effectors, which has greatly expanded the known diversity of
effectors exhibiting amidase activity (43). This work also noted a potential for substantial
diversity among T6SS effectors because these analyses failed to identify effectors that have
been identified in other bacteria. (43). An alternative bioinformatics strategy to identify
T6SS effectors is to scan the genome in areas immediately downstream of orphan Acp-vgrG
gene pairs (8, 44 45). Genes downstream of these /cp-vgrG pairs likely encode effectors in
other organisms.

Biochemical approaches have also been employed to identify T6SS effectors. One key
approach that led to the discovery of the first non-structural effectors, is to compare proteins
secreted by a wild-type and T6SS mutant bacteria (5). The use of whole cell proteomics to
identify proteins destabilized in the absence of Hcp has also been a successful approach to
discover T6SS effectors (46).

VgrG family

The first T6SS effectors to be appreciated are members of the VgrG family, which are
thought to act as a puncturing tip of the delivered Hcp tube. In V/ cholera (3) and
Pseudomonas aeruginosa (20), there is evidence that VgrG forms a trimer. It is notable that
some organisms only have a single copy of VVgrG, while other bacteria can have upwards of
30 distinct \VgrG proteins. This indicates that delivery of different effectors may require a
specifically adapted VgrG protein (18). These findings suggest that heterotrimeric VgrG
complexes could be loaded and deliver multiple effectors in the context of a single
puncturing tip. Aside from the proposed role as a structural component of the effector
delivery module, VgrG can also be classified as an effector because some VgrG proteins
contain additional functional domains beyond the minimal trimeric structure required for
T6SS function. In V/ cholerae, the carboxy-terminus of VgrG3 has muramidase activity (47)
and VgrG-1 contains an actin crosslinking domain (3).

PAAR proteins

Another group of gene products, PAAR (proline alanine alanine arginine) domain-containing
proteins have been shown to be T6SS effectors. It has been shown that PAAR proteins can
interact with the tip of the VgrG trimer (48). PAAR proteins are associated with a myriad of
predicted effector functions, suggesting that numerous PAAR proteins encoded within
bacterial genomes are likely T6SS effectors (48). It has been speculated that PAAR proteins
might complex with any given VVgrG trimer; however, other data suggest specific
interactions between VgrG proteins and effectors (20). One example of a PAAR effector is
the nuclease, RhsA, which has been identified as T6SS-dependent in Dickeya dadantii (44).
This nuclease requires one of two VVgrG genes, demonstrating that this PAAR domain
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effector can be delivered by T6SS effector tubes capped with different VgrG puncturing tips.
As mentioned, there are often multiple PAAR domain-containing proteins in bacteria that
also encode a T6SS.

Rhs-repeat proteins

As noted above, another group of T6SS effectors are members of the Rhs-repeat-containing
protein family (44). Structural analysis has shown that the Rhs-repeat domain forms a
structure that completely encloses and protects the folded enzymatically active effector
domain (49). Many Rhs-repeat proteins also contain PAAR domains in addition to effector
domains (48). In P, aeruginosa PA14, the H2-T6SS encodes an Rhs effector protein that may
contribute to internalization by eukaryotic cells (50). In addition, this group also found that
VgrG1 of the H1-T6SS is responsible for delivering an Rhs effector protein to target cells
(51). It is noteworthy that Rhs domain proteins function as antibacterial toxins in contact-
dependent inhibition (Cdi) systems (44), which suggests Rhs proteins have evolved to be
delivered by both the T6SS and two-partner secretion systems.

Non-VgrG effectors

The T6SS also delivers effectors that lack PAAR domains. This could suggest that the Hcp/
VgrG puncturing tube may act as a conduit through which effectors are delivered to target
cells (1, 52). Since the inner diameter of the Hcp tube is approximately 40A (1), this requires
that many effector proteins would have to be delivered in an unfolded state (53). Consistent
with this notion, there is one example of a T6SS effector operon that encodes a small
molecular mass thioredoxin that could presumably function to fold effector proteins upon
delivery to the target cell (8). Alternatively, or in addition, a thioredoxin protein could also
serve to maintain effectors in an unfolded state prior to being loaded into an Hep/\VgrG
puncturing tube.

Hcp tubes may also serve a chaperone function during delivery of T6SS effectors. Hep-
effector interactions were initially noted during biochemical analysis of the T6SS in
Edwardsiella tardathat showed the secreted effector EvpP interacted with Hep (54).
Additional biochemical approaches have shown that T6SS effectors can bind to residues
exposed on the inner face of the tube forming Hcp hexamers and can even stabilize effectors;
thus, Hep could be considered a molecular chaperone for effectors (55). Collectively, these
experiments suggest that effectors can be loaded into the puncturing tube during assembly of
the T6SS structure and may be delivered into target cells concomitantly with the puncturing
device.

Numerous non-VgrG effectors have been identified and the list of these effectors is
continually growing (5, 43). In fact, T6SS effectors exhibit a broad range of functions
capable of targeting both eukaryotic and prokaryotic cells. Effector activities include actin
cross-linking (3, 56), muramidases and peptidases that hydrolyze peptidoglycan (5, 6 43
57—59), nucleases (44), and lipases (60). In P mirabilis, there are numerous effectors that
exhibit lethal activity through an unknown mechanism (8). In all cases, bacteria that produce

these T6SS effectors also encode immunity proteins to protect against their cognate effectors
(5, 8’ 477 58’ 61)_
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Peptidoglycan-degrading effectors

Lipases

One class of T6SS effectors targets the cell wall peptidoglycan. In 2 aeruginosa, Tsel and
Tse3, among the first T6SS effectors to be characterized, both exhibit lytic activity (6).
These effectors target peptide and sugar portions of the peptidoglycan. Characterization of
Tsel by several groups revealed crystal structures that indicate an amidase with a common
cysteine protease fold (53, S7, 62). Peptidoglycan is a polymer composed of alternating A~
acetylmuramic acid and A-acetylglucosamine residues. The muramic acid residues are
modified with peptides that provide structural integrity by cross-linking with adjacent
peptides. Tsel cleaves between the second and third residues of the peptide modification (6).
The specificity of Tsel suggests that the effector could attack at sites of peptidoglycan
synthesis (57). This is consistent with the observation that Tsel is required for the 2
aeruginosa T6SS-dependent lysis of target bacteria (63).

It is now appreciated that Tsel belongs to a group of effectors that has been termed the type
VI amidase effector (Tae) superfamily (43). Tae effectors appear to belong to four divergent
groups of cell wall-degrading enzymes (64). Further evidence indicates the Tae proteins are
functional analogs as fae genes are located adjacent to genes encoding immunity
determinants. It appears that all members of the Tae family function as amidases that
hydrolyze peptidoglycan of Gram-negative bacteria (64). Studies examining effectors of
these Tae family members have shown that T6SS activity is required for their action on
target cells (6, 43, 58).

In contrast to Tsel, Tse3 acts on the sugar backbone rather than on the peptide bonds
contained within peptidoglycan (6). The p1,4 bonds between muramic acid and N-
acetylglucosamine are common targets of a multitude of bacteriocidal enzymes, including
lysozyme. Indeed, these enzymes share the lysozyme muramidase fold, but have an active
site tyrosine residue and exhibit Aacetylglucosaminidase activity (6, 65). The VgrG protein
of the puncturing device can also exhibit peptidoglycan degrading activity. The C-terminal
domain of V/ cholerae VgrG3 has a predicted muramidase fold, can degrade peptidoglycan,
and can cause lysis when expressed in the periplasm (47). Furthermore, the presence of a
cognate immunity gene suggests that the VgrG3 protein is itself a T6SS effector (61).

T6SS effectors can also act as lipases to disrupt cell membranes. A group of phospholipase
effectors have been identified that hydrolyze plasma membrane lipids (60). These lipase
effectors degrade membranes by attacking different bonds in phospholipids (64). T6SS
lipase effectors have been experimentally demonstrated to cleave phospholipids at three
bonds (60). Certain lipase effectors demonstrate preference for specific head group moieties.
One lipase effector in P aeruginosa exhibits specificity for phosphatidylethanolamine, which
is a primary phospholipid found in the bacterial membrane (60). Because phospholipids are
ubiquitous in nature, that is, found in both bacterial and eukaryotic membranes, this raises
the obvious possibility that T6SS lipase effectors would target both bacterial and host cell
membranes. Consistent with this notion, genetic disruption of lipase effector-encoding genes
in P aeruginosaand V. cholerae creates fitness defects in infection models (60, 61).
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Nucleases are another class of T6SS-dependent effectors. Recent studies of Rhs domain
proteins show that subsets of these proteins are also T6SS nuclease effectors (44, 66). In D,
aaaantii, RhsA and RhsB, contain endonuclease effector domains that are dependent on
neighboring VgrG proteins for delivery to target cells. When produced in target cells, these
domains result in DNA degradation, growth inhibition, and a loss of nucleic acid staining
(44). In Agrobacterium tumefaciens, a soil bacterium that triggers tumorigenesis in plants,
produces a family of T6SS DNase effectors that are distinct from previously known
polymorphic toxins and nucleases. These effectors exhibit an antibacterial DNase activity
that relies on a conserved motif and can be counteracted by a cognate immunity protein (67).

T6SS Regulation

It is assumed that elaboration and usage of the T6SS nanomachine is energetically costly to
the bacterial cell. It follows that expression and assembly of this structure would be tightly
regulated. In some cases, there is evidence for transcriptional regulation of the T6SS via
quorum sensing (68—70). In other cases, T6SS expression is regulated during biofilm
formation (71, 72), by iron-limitation (73, 74), is temperature-dependent (70, 75), and may
react to both osmolarity changes (70) and stress responses (76). There is also evidence for
independent regulation for the expression of the structural components of the T6SS and the
expression of effectors.

RpoN and VasH

In V/ cholerae, the primary T6SS gene cluster encodes a regulator, VasH, which acts as an
activator via effects on RpoN. In V/ cholerae, both RpoN and VasH are required for T6SS
activity (2, " 78). In V/ cholerae, environmental cues likely stimulate the transcription of
the major cluster so that VasH is produced, which subsequently activates the transcription of
the Acp operons by RpoN (18, 79). However, this control is limited to the transcription of
two /icp effector operons and not the T6SS itself (79). Finding that RpoN and VasH only
control the Acp operons suggests additional regulators of the T6SS remain to be elucidated
(18). The hcp operons encode the secreted T6SS effectors, while the main T6SS locus
encodes structural components of the apparatus itself. This has been postulated as evidence
for a two-tiered regulation that may be important for maintaining different levels of
expression for components that can be recycled versus those that are released to target cells
(18). It is notable that pandemic V/ cholerae strains tightly regulate the expression of the
T6SS (68), while non-pandemic serotype O37 strain V52 and environmental isolates
constitutively express the T6SS (80). It is possible that this difference results from increased
interbacterial competition in the environment and/or as a defense mechanism against
predation.

Quorum sensing

Differences in quorum-sensing-mediated transcriptional control expression of vas genes
could be partially responsible for T6SS variability among V/ cholerae strains. There is
evidence for a strong link between HapR and Hcp expression among a number of pandemic
isolates (81). Further work showed that a deletion of /uxOwas able to induce T6SS
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expression in two O1 serotype strains (68, 81). It was also noted that T6SS activity was not
fully induced despite transcriptional activation in the absence of LuxO (68). Thus, while
quorum sensing represses T6SS expression, it appears that complete T6SS activation in
pandemic V. cholerae involves additional inputs such as high osmolarity and possibly low
temperature (82).

Iron regulation

Iron limitation controls the expression of the T6SS in Edwardsiella spp. and
enteroaggregative £E. coli. In these bacteria, the T6SS is repressed directly at the
transcriptional level by Fur (73, 74). It was shown that Fur confers iron-dependent
repression of production and export of an Hcp homolog (EvpC) in Edwardsiella tarda. and
that the Fur protein binds directly to a Fur box sequence upstream of evpP, the first gene in
the T6SS gene cluster (74). In enteroaggregative £. coli, the Sci-1 T6SS is required for
biofilm formation and is regulated by iron availability through a pathway involving Dam
methylation and Fur repression (73). Two Fur binding sites and three Dam methylation sites
reside upstream of the Sci-1 T6SS gene cluster. Further, one of the Fur-binding sites
overlaps a Dam methylation site. In the absence of iron, Fur dissociates and allows RNA
polymerase to bind and initiate transcription. Similarly, the loss of Fur also permits
methylation at the site, which inhibits the binding by Fur (73). Thus, iron limitation results
in stable expression of the T6SS.

H-NS regulation

Regulation of T6SS gene clusters by members of the H-NS family of regulators has also
been reported. These repressor proteins function as global regulators by controlling the
expression of a large number of genes throughout the genome (83). Many genes and entire
gene clusters that have been horizontally acquired are silenced by H-NS (84, 85). Indeed,
this is what occurs for several T6SS gene clusters, like that in Sa/monella enterica (86). In P

aeruginosa, the H-NS-like protein MvaT represses the HSI-2 and HSI-3 T6SS gene clusters
(87).

RetS signaling pathway

Control of T6SS activity in A2 aeruginosais well characterized, however, much of what is
described is based upon studies involving bacteria harboring a retS mutation, which leads to
constitutive expression of the T6SS. The RetS regulon controls a range of virulence and
fitness factors and is involved in the reciprocal control of traits important during acute and
chronic phases of lung infection, respectively (88, 89). RetS is a hybrid sensor kinase that
acts upstream of the Gac/Rsm pathway in £ aeruginosa (88). Along with regulation of the
T6SS, this regulatory pathway control numerous traits related to antagonism or social
behavior in Pseudomonads (90). It should be noted that wild-type 2 aeruginosa poorly
express the T6SS in liquid medium, however the T6SS is expressed by wild-type bacteria
during surface growth (91) and in response to cell lysate (92).

Microbiol Spectr. Author manuscript; available in PMC 2016 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alteri and Mobley Page 9

Post-translational control of T6SS activity

P, aeruginosa also controls its T6SS through a post-translational regulatory system termed
the threonine phosphorylation pathway (93). In this system, the T6SS requires a T6SS-
encoded forkhead-associated protein, Fha, to be phosphorylated by the kinase PpkA (93).
The activity of the kinase requires the lipoprotein TagQ and an outer membrane protein
termed TagR (91). Studies have shown that TagQ is required for proper localization of TagR,
and TagR likely interacts directly with the periplasmic domain of PpkA (94, 95). It has also
been shown that two proteins, TagS and TagT, form a membrane-associated complex that is
required for full activation of PpkA (95). In this scheme, the T6SS is shut down following
dephosphorylation of Fha by the phosphatase PppA (93). Consistent with this, phosphatase
mutants exhibit greater levels of T6SS activity (27, 93).

Studies aimed at dissecting the post-translational regulation of the T6SS in £ aeruginosa has
led to a defensive T6SS hypothesis (27). This work, using a retS mutant strain, showed that
when cultured on a solid surface, a P, aeruginosa bacterium that is attacked by a neighboring
cell will strike back with a retaliatory T6SS counterattack (18, 27). This phenomenon has
been named ‘T6SS dueling’ (28). The threonine phosphorylation pathway plays a role in this
dueling phenomenon (27). Despite finding that bacteria lacking PppA have high levels of
T6SS activity, the dueling response appeared defective (27). This result suggested that
dephosphorylation of Fha might somehow control the positioning of the T6SS in this
scenario (18, 27). This would be consistent with the observation that surface growth, with

greater numbers of neighboring cells in contact, correlates with increased PpkA activity
(95).

T6SS Activity and Actions

Mechanisms to trigger T6SS-mediated killing

The defensive nature of the T6SS activity in 2 aeruginosa is supported by other studies.
When cocultured with T6SS*™ V/ cholerae and A. baylyi, P. aeruginosakilled both species in
a TagT-dependent manner (27). This killing was not observed when the attacking bacteria
were lacking a functional T6SS. A similar differentiation between T6SS* and T6SS™
Burkholderia thailandensis has also been observed (63). Using the retSbackground in 2
aeruginosa, it has also been shown that a variety of conditions that mimic direct antagonistic
contact can trigger firing of the T6SS. For example, during conjugation, £. coli cells
expressing the plasmid RP4 T4SS were highly sensitive to killing by 2 aeruginosa (30).
These studies further showed that DNA transfer was not required, but genes involved in pilus
and mating pair formation were (30). The antimicrobial peptide polymyxin B also was
shown to induce T6SS activity (30). These observations suggested that membrane
perturbation may be the elusive signal that triggers defensive T6SS counter-attacks in 2
aeruginosa (18).

Recent work from the Mougous Laboratory has provided a more complete understanding of
P, aeruginosa response to antagonism (92). Their findings demonstrate that the response does
not require the threonine phosphorylation pathway and involves the release of a diffusible
signal from lysed P, aeruginosa sibling bacteria (92). This work goes on to show that the
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signal from lysed cells leads to post-transcriptional upregulation of the T6SS via the
aforementioned Gac/Rsm pathway (92). Future studies are needed to better understand why
P, aeruginosa would use the T6SS solely as a defensive weapon, or to identify the natural
conditions under which the bacteria might deploy the T6SS in a preemptive manner. Other
species such as Proteus mirabilis and Serratia marcescens do not require an attack by
neighboring cells to stimulate the T6SS (8, 96). In enteroaggregative £. coli, it has been
shown that a similar diffusible signal and counter-attack mechanism might exist (97). This
T6SS activity observed in E. coli appeared to spread within a population of cells (97).

Proteus mirabilis swarming and Dienes line formation

The opportunistic pathogen £ mirabilis undergoes a characteristic developmental process to
coordinate multicellular swarming behavior and discriminates itself from another Proteus
isolate during swarming, resulting in a visible boundary termed a Dienes line (98, 99). The
formation of this demarcation is dependent on the activity of the T6SS (8) (Figure 4).
Further experiments using the 2 mirabilis model to study T6SS demonstrated that all five
identified T6SS Acol vgrG effector operons, found in the single prototype strain, were
transcriptionally active only during active swarming (8). The regulatory pathways that
control this specific regulation of T6SS in £ mirabilis could involve the regulator MrpJ
(100). The observation that 2 mirabilis T6SS is controlled by swarming was also observed
for the identity of self (/ds) effector operon (8, 101). The implication from these studies is
that 2 mirabilis is preemptively deploying the T6SS during a growth phase, swarming, that
requires close and direct contact across a large population of bacteria.

Interbacterial antagonism

The T6SS is a macromolecular machine that delivers protein effectors into both prokaryotic
and eukaryotic cells, thus playing important roles during interbacterial competition and
virulence in the host (102). In addition to the versatility, the genes encoding the T6SS are
widely distributed and found in approximately one-third of sequenced Gram-negative
bacterial genomes (103). Numerous studies have revealed that the activity of the T6SS is
important in bacterial communities, either by promoting biofilm formation or by competing
with neighboring bacteria (64). It is now appreciated that the T6SS is used to deliver
antibacterial toxins directly inside neighboring bacterial cells. The role for the T6SS during
interbacterial competition was first noted in 2. aeruginosa (5). Subsequently, a similar
function has been shown in B. thailandensis, V. cholerae, S. marcescens, enteroaggregative
E. coli, Citrobacter rodentium, Acinetobacter baumanii, and P. mirabilis (8, 76, 104—107).
The T6SS also plays an important role in intraspecies competition, that is, different isolates
of the same species produce different sets of toxin effectors (8, 108). As noted this
intraspecies warfare is responsible for the formation of macroscopic boundaries between
non-isogenic strains in several species, most notably in swarming 2 mirabilis (8, 109).

Biofilm formation

Several bacterial species use the T6SS during biofilm formation. Mutations in the
enteroaggregative £. coli Sci-1 T6SS or avian pathogenic £. ¢coli T6SS genes decrease the
ability to form biofilms (38). Additionally, a second T6SS gene cluster in enteroaggregative
E. coli, Sci-2 T6SS, and the 2 aeruginosa H1-T6SS are upregulated under biofilm-forming
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conditions (93). Much like during cooperative swarming motility in 2 mirabilis,
coordination of T6SS production with biofilm determinants may help to promote formation
of monospecies biofilms or create a protective isogenic zone within a mixed community.

Host-microbe interactions

Competition

There are also studies demonstrating that the T6SS is expressed during interactions with host
cells (110—113). Closer inspection reveals a limited number studies that show a direct role
for the T6SS in bacterial pathogenesis. The V/ cholerae T6SS is required to escape predation
and for toxicity towards phagocytes (2). In a mouse model of infection, V/ cholerae causes
inflammation and increased recovery of bacteria from the intestine (4). The A aeruginosa
H1- and H3-T6SS may influence interactions with host cells through enhanced invasion
(113—115). It is important to note that most of the T6SS effectors characterized to date are
antimicrobial. Thus, it must be considered that the observed upregulation of the T6SS in the
host, or fitness defects of T6SS mutant bacteria in infection models, reflects an indirect
relationship to pathogenesis. For example, T6SS antibacterial antagonism was recently
revealed to be contribute to efficient colonization of V/ cholerae in an animal model (116).
That study clearly showed that bacteria lacking immunity against sister cells had a
significant fitness defect during infection. Collectively, the limited numbers of studies that
show a direct role for the T6SS in bacterial pathogenesis suggest the T6SS has evolved as a
weapon used during interbacterial competition.

in the host

Often, for bacteria to establish an infection, pathogens must be able to overcome
colonization resistance created by the natural microbiome. This could be important for
enteric bacteria that compete against the intestinal microbiome community (117). In support
of this, a number of pathogens that colonize the intestine produce a T6SS, including
Salmonella enterica, C. rodentium, Aeromonas hydrophila and enteroaggregative £. coli (38,
118—120). The T6SS can be envisioned to provide bacteria with a competitive advantage in
other host sites. For example, opportunistic pathogens that cause wound infections, such as
A. baumanii, P. aeruginosa, S. marcescensand P. mirabilis, all are known to produce at least
one T6SS with antibacterial activity (5, 8 106 107). Once these opportunistic pathogens
establish tissue colonization, the T6SS could provide a mechanism to prevent colonization
by another strain or species. For P, aeruginosa, it is known that diversity within the cystic
fibrosis lung decreases over time (121). Indeed, isolates of 2. aeruginosa from cystic fibrosis
patients have an active T6SS and these patients produce antibodies against Hcp (64, 72).

Additionally, there is a substantial amount of genomic evidence to support the primary role
for the T6SS during interbacterial warfare. Immunity proteins are maintained in the genomes
of bacteria that lack cognate T6SS effector proteins (43). The presence of orphan immunity
proteins suggests that there is positive selection imposed by T6SS attacks (43). The
observation that effector proteins are accompanied by immunity proteins is evidence for the
selection against self-intoxication. This highlights the fitness cost that is associated with
effector intoxication in the absence of immunity. It also appears that bacteria with a lifestyle
that precludes interbacterial competition tend to lack a T6SS. For example, in Burkholderia
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mallei, the loss of interbacterial T6SS has been proposed to coincide with the evolution from
a free-living opportunistic pathogen to an obligate pathogen (104).

antagonism

Bacteria that are highly related, for example, the same species or close relatives, are most
likely to directly compete with one another for the exact same niche or resources. Although
strains will cooperate and form mixed communities, in many cases, growth of one strain
precludes growth of another (8, 98 122—124). Antagonism between isolates has been well
studied, the most obvious example is bacteriocin production and targeting of closely related
competitiors (7). Another mechanism of intraspecies antagonism that has been recently
characterized is known as contact dependent inhibition and requires direct contact like the
T6SS (125, 126)_

Intraspecies competition using the T6SS has been shown for many bacterial species. T6SS-
mediated antagonism was observed between isolates of S. marcescensand in V. cholerae
(80, 106). Additionally, bacteria such as P, aeruginosa, V. cholerae, and P mirabilis all
possess variable complements of T6SS effector and immunity pairs, which would result in
competition between isolates of the species (8, 108). An exceptionally clear example of
intraspecies antagonism using the T6SS can be observed between swarming populations of
P.mirabilis. Macroscopic boundaries form between non-identical isolates upon contact
during swarming (Figure 4). Upon initiation of swarming differentiation, the T6SS is
assembled and appears to fire when opposing swarms meet (8). Boundary formation,
underlying killing, and immunity to killing, can be assigned to specific T6SS genes and
effector proteins. It is now becoming clear that the ability for 2 mirabilis to self-recognize is
a result of being immune to T6SS attack (8) (Figure 5). Indeed, the P mirabilis recognition
system appears to depend largely on diversity of /col vgrG effector operons and variation
between otherwise identical effector operons (8, 127).

Intraspecies competition is consistent with the presence of diverse repertoires of T6SS
effector and immunity pairs in many other bacterial species. Selection to maintain diversity
could occur when a bacterium that lacks immunity to specific T6SS effector that is present
in its neighbor, is rapidly killed (64). This further provides an explanation for why a given
organism would translocate closely related effector proteins, which can differ in immune
recognition and thus, would be non-redundant in antagonistic function (58, 122). Studying
bacterial antagonism has led to the hypothesis that antibacterial activities could be
preferentially produced in response to competition-induced stress (128). As discussed for 2
aeruginosa and the Fha phosphorylation cascade, both intra- and inter-bacterial interactions
of the T6SS in one cell can stimulate the system in neighboring cells (27, 63). This
recognition is sufficiently integral to the activity of the AP aeruginosa H1-T6SS that
inactivation of the T6SS of a competitor organism confers resistance to intoxication (27, 28).

The conditions that control T6SS activity can provide valuable insights into its physiological
relevance of T6SS function. As noted, the H1-T6SS of £ aeruginosa and the T6SS of V/
cholerae O1 serotypes, are repressed by quorum sensing (81, 129). Repression of the T6SS
by quorum sensing indicates that these systems are active when cells are at relatively low
cell density and may function to displace unrelated or more distantly related bacteria in a
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densely populated mixed community. Other systems, such as the H2-T6SS of £ aeruginosa,
are induced under conditions of high cell density (72, 129). This might indicate a role for
that T6SS during high cell density of an isogenic population or a role during intraspecies
antagonism. As discussed, other bacteria control their T6SS in response to environmental
cues, such as temperature, pH or iron availability (47, 70—77). These cues may indicate the
movement of bacteria into a condition where competitor bacteria are likely to be
encountered.

Concluding Remarks

There has been remarkable progress toward understanding the T6SS and its role in

numerous bacterial species. The structural details of T6SS assembly and the effector
delivery module has been elucidated. The diversity of effectors that elicit numerous
antagonistic activities upon interaction with target cells are now appreciated. Studies by
many research groups have provided substantial clues to answer the question of why bacteria
would use contact-dependent delivery of effectors to eliminate one’s neighbors. It is
becoming clear that bacteria can benefit from the T6SS to discriminate, “recognize”, and kill
competitors rather than indiscriminately secrete bactericidal agents when competing for
resources in their natural habitats. It is evident that T6SS-dependent interactions are involved
in developmental processes such as multicellularity or organized communities (8). For
bacteria that cooperate to achieve a behavior such as swarming, the T6SS could prevent
cheaters from benefiting from the cooperative behavior (130, 131). In other instances, T6SS
killing of neighboring cells can facilitate the release of genetic material for horizontal gene
transfer between closely related species (132). Studies like these are likely to focus greater
attention on the biological relevance of the T6SS in bacteria. As community behaviors of
microbes are beginning to be more thoroughly appreciated, it is expected that T6SS will be a
key determinant in shaping these microbial communities.
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Figure 1. Comparison between bacteriophage and the T6SS
(A) Bacteriophage possess tail fibers that attach to lipopolysaccharides of target bacterial

cells. During reversible binding, the tail fibers bring the base plate in contact with the cell
surface. Once in contact, irreversible binding is initiated, the tail sheath contracts and the
rigid tail tube and spike are forced though the outer membrane (OM), proteins of the spike
degrade the peptidoglycan, and final interaction with the inner membrane (IM) initiates
translocation of viral DNA into the cell. (B) The T6SS functions much like a bacteriophage
with several proteins being structurally similar, depicted here in the same color. Formation
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of the T6SS base plate complex, which spans the IM, peptidoglycan, and OM initiates Hcp
tube polymerization and sheath formation of VipA and VipB heterodimers. Upon contact
with a target bacterial cell, this ‘ready to fire’ state is triggered causing the sheath to contract
and deployment of the Hcp tube and VgrG spike into the target cell. Effector proteins are
delivered into the periplasm, possibly degrading peptidoglycan for cytoplasmic effectors to
gain further access into the cell. OM, outer membrane; 1M, inner membrane.
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Figure 2. Infiltration of resistant and sensitive opposing swarms by P. mirabilis HI1 4320
expressing VipA::sSfGFP

Agar plate inoculated with 2 mirabilis H14320 VipA::sfGFP opposing strains HI4320 or
mutant 9C1 (mutation in immunity protein PefE) expressing dsRED. Infiltrating Proteus
mirabilis H14320 expressing VipA::sfGFP opposing strains HI4320 or mutant 9C1
expressing dsRED. Elapsed time (T) is indicated in seconds (reprinted with permission from

Alteri CJ et al. 2013. PLoS Pathog 9: €1003608).
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Figure 3. Conservation of the Type 6 Secretion System effector operons among Proteus mirabilis,
Vibrio cholerae, and Pseudomonas aeruginosa

(A) The 17 genes that encode the Proteus mirabilis H14320 T6SS are highly conserved with
the well characterized T6SS genes from V/ cholerae N16961 and have identical gene order in
their respective chromosome and (B) comparison to the three known T6SSs (HIS-1, HIS-2,
HIS-3) encoded by the genome of P, aeruginosa PAOL. The arrows are color-coded based
upon known or predicted gene function. Black arrows represent genes that are not found in
either P mirabilis H14320 or V. cholerae N16961 T6SS gene locus (reprinted with
permission from Alteri CJ et al. 2013. PLoS Pathog 9: €1003608).
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Fi_g:gal 4 Contact-dependent preemptive antagonism is dependent on the T6SSin Proteus
miranils

A Dienes line (black arrows) forms between two different wild-type isolates, HI14320 and
BB2000 (strain A and B Kill each other). Loss of the T6SS (AT6) in either isolate by
disruption of PMI0742 does not affect the discriminatory Dienes line (strain A Kills strain B
or strain B kills strain A). Loss of the T6SS in both isolates allows non-identical swarms to
merge and the lack of T6SS-dependent killing appears as “recognition” (white arrow)
(reprinted with permission from Alteri CJ et al. 2013. PLoS Pathog 9: e1003608).
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Figure 5. Immunity against T6SSisthe basisfor self-recognition
If two strains of Proteus mirabilis synthesize the same immunity protein then both strains are

immune to killing by the T6SS and recognize as “self”. However, if two strains have
divergent immunity proteins, then both strains are subject to killing by each of the other
strain’s T6SS.
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