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Bacteria use toxin delivery systems, such as the type VI secretion system (T6SS), to antagonize competi-
tors. The T6SS transports toxins, called effectors, directly into recipient cells. In the absence of cognate
immunity proteins that protect against kin-intoxication, these effectors target conserved and essential
cell components resulting in growth arrest or cell death. Here, we focus on antibacterial T6SS effectors
and explore their different activities, modes of delivery, and the domains and proteins that are associated
with them to provide a modular and dynamic toxin arsenal. We conclude that these natural machines
present a lucrative pool and platform for future antibacterial treatments.
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Bacteria often live in large communities, either homogeneous or heterogeneous in composition [1]. Residents of
such communities know how to converse (e.g., quorum sensing), but also how to quarrel. In recent years, we have
witnessed the discovery of many bacterial weapons that are used in wars for dominance. Such antibacterial weapons
utilize proteinaceous arsenals, referred to as toxins or effectors, that include bacteriocins [2], contact-dependent
inhibition systems mediated via type I secretion system [3] or type V secretion system [4], type VI secretion system
(T6SS) [5,6] and other phage-like contractile nanomachines generally referred to as tailocins [7], type VII secretion
system [8] and even a subset of the otherwise virulence type IV secretion system [9]. Above all others, T6SS stands
out with its breadth of activities and toxins that have been discovered.

T6SS is a multiprotein apparatus that is widespread in Gram-negative bacteria [10]. It delivers proteins, called
effectors, directly into neighboring cells in a contact-dependent manner. Structurally, T6SS is similar to a contractile
phage tail [11]. A membrane-spanning complex recruits a baseplate complex to the site of T6SS biogenesis on the
cell envelope. The baseplate provides the origin for the biogenesis of a tail complex that is composed of a contractile
outer tube, called sheath, and an inner tube. The inner tube, which is engulfed by the sheath, is propelled out of the
cell upon activation of the system and contraction of the sheath. The secreted inner tube is composed of stacked
hexameric rings of Hcp (hemolysin co-regulated protein), that are capped by a spike complex; the spike is a trimer of
VgrG (valine-glycine repeat protein G) proteins that are sharpened by a PAAR (proline–alanine–alanine–arginine)
repeat-containing protein. A detailed discussion of the structure and biogenesis of T6SS is beyond the scope of this
review, and we refer the reader to a recent review on this topic [11].

T6SS was initially described as a protein secretion system in Rhizobium leguminosarum [12], Edwardsiella tarda [13],
Vibrio cholerae [5] and Pseudomonas aeruginosa [6], where it was identified as a determinant that plays a role in
interactions with eukaryotes. However, since the discovery of antibacterial T6SS effectors made by Hood et al. [14],
it has become apparent that most T6SSs play a role in interbacterial competition. Accordingly, many T6SS effectors
were shown to mediate antibacterial toxicity. To protect themselves from self- or kin-intoxication, bacteria encode
cognate immunity proteins that antagonize the toxic activities of T6SS effectors, usually via direct interaction
between the immunity protein and the toxin domain of the effector [14,15]. The effectors decorate the secreted inner
tube and spike, either as domains fused to the secreted components Hcp, VgrG or PAAR-containing protein, or
as separate proteins that are loaded onto them (named ‘cargo effectors’). Penetration of the secreted tube into a
neighboring cell enables the deployment of the effectors, which can then mediate the toxic activities of T6SS. In
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Figure 1. Antibacterial type VI secretion system effectors target essential cell components and processes.
Illustration of antibacterial type VI secretion system effectors, their targets and activities (denoted in red) inside a
Gram-negative bacterial cell.
ADPRT: ADP-ribosyltransferase; PG: Peptidoglycan in cell wall; NADase: NAD(P)+ hydrolase.

this review, we will present and discuss recent advances and discoveries in the field of antibacterial T6SS effectors,
their activities, targets, mode of delivery and mobility that enables the diversification of effector arsenals.

Antibacterial T6SS effectors: activities & targets
T6SSs of many bacteria were shown to possess a repertoire of effectors. These T6SSs can thus deliver multiple
effectors with diverse targets into competing cells. Most effectors have been shown to target vital bacterial cell
components, while others can target conserved and essential bacterial proteins. Notably, various toxin domains
remain with either putative or unexplored functions and targets (e.g., deaminase and protease) [16,17]. In this review,
we will focus on T6SS effectors with validated antibacterial activities (Figure 1).

Cell wall
The cell wall is a bacterial outer barrier. It provides strength and protection against outside insults. Therefore, it
is a lucrative target for antibacterial warfare. Indeed, animals use proteins that target the bacterial cell wall, such
as lysozyme [18], to fight invading bacteria. It is, therefore, not surprising that bacteria also developed weapons
to target the cell wall of competitors. The main target of such antibacterial proteins is the peptidoglycan. The
peptidoglycan (also named murein) is a mesh-like layer composed of sugar (glycan) strands that are interlinked by
amino acids (peptides). The glycan strands are made of alternating β-1,4-linked N-acetylmuramic acid (MurNAc)
and N-acetylglucosamine (GlcNAc). MurNAc are linked via an amide bond to short peptide stems, which are
themselves cross-linked to bridge the glycan strands [19].

In 2010, Hood et al. discovered that a T6SS of P. aeruginosa delivers at least three effectors with antibacterial
activities into neighboring cells [14]. Two of these effectors, named Tse1 (type six exported 1) and Tse3, were later
shown to exert their antibacterial activity by cleaving the peptidoglycan of neighboring cells [20]. To mediate their
toxic activity, the effectors had to be delivered to the periplasm where the peptidoglycan resides. Tse1 was shown
to be an amidase that cleaved bonds between the amino acids in the peptidoglycan, while Tse3 was found to have
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a lysozyme-like muramidase activity as it cleaved the glycan backbone between MurNAc and GlcNAc [20]. Since
these discoveries, several families of T6SS effectors that target peptidoglycan have been described.

The first superfamily of T6SS peptidoglycan hydrolases was reported by Russell et al. Its members were named
Tae (type VI amidase effector) after their amidase activities, cleaving peptidoglycan within the peptide stems and
cross-links [15]. Using a heuristic approach and a set of parameters aimed at identifying amidase T6SS effectors,
the authors revealed a widespread superfamily of amidases that segregated into four families, named Tae1-4, based
on primary sequence homology [15]. All four families contained the conserved catalytic cysteine and histidine
residues typical of amidases [21]. Notably, the above-mentioned Tse1 was reported as a member of the Tae1 family.
Representatives of each Tae family were tested and shown to prefer different bonds within the peptidoglycan peptide
stem for cleavage. Tae1 and Tae4 cleaved the bond between the D-Glu and m-DAP residues, while Tae2 and Tae3
cleaved the bond between m-DAP and D-Ala [15]. In addition to the Tae1-4 families, a family named TaeX was
recently added to the Tae superfamily. The only representative studied from this family, VT1 from Escherichia coli,
was shown to possess an Amidase 2 domain and to cleave the amide bond between the MurNAc glycan and the first
residue of the peptide stem, L-Ala [22]. Additional members of the Tae superfamily, such as the Serratia marcescens
Ssp1 and Ssp2 effectors [23,24], have also been demonstrated to be T6SS effectors with amidase activities.

Another broadly distributed superfamily of T6SS effectors that target the peptidoglycan is Tge (type VI glycoside
hydrolase effector) [25]. The Tge superfamily, comprised of three families named Tge1-3, was also found using
an informatics approach similar to the one described above for finding the Tae superfamily. This search yielded
two of the Tge families, while the aforementioned Tse3 muramidase was used to define the third Tge family. Tge
members have a lysozyme-like fold, and were shown to cleave the glycoside bond between MurNAc and GlcNAc
using a conserved catalytic glutamate residue [25]. It remains to be seen whether the preference of various effectors
toward different bonds results from the prevalence of these bonds in the peptidoglycan of competitors in the natural
environment.

Nucleic acids
Nucleases are an abundant and widespread class of antibacterial toxins. Several families of putative nuclease toxins
have been predicted to associate with T6SSs [26], yet only a few have been experimentally validated. While both
DNase and RNase effectors have been proposed [16,17,26–28], only DNase activity was demonstrated for T6SS
nuclease effectors to date. Most of the validated DNase T6SS effectors contain toxin domains of the HNH (histi-
dine, asparagine, histidine)-endonuclease superfamily [29]. In 2013, Koskiniemi et al. found that the antibacterial
effectors RhsA and RhsB, of the soft rot pathogen Dickeya dadantii, contain C-terminal NS 2 endonuclease and
HNH-endonuclease domains, respectively. The authors used fluorescence microscopy to demonstrate that these
effectors target and degrade DNA in recipient prey cells during bacterial competition [30]. The S. marcescens T6SS
effector Rhs2 was also shown to harbor a C-terminal partial HNH-endonuclease domain that mediated DNA
degradation in vitro [31]. T6SS effectors containing AHH (alanine, histidine, histidine) or GHH2 (glycine, histi-
dine, histidine) domains, belonging to the HNH superfamily, were also shown to function as DNases by either in
vitro or in vivo assays. These include, for example, Rhs2 of Acinetobacter baumannii [32], Hcp-fused effectors of E.
coli [33] and the PAAR-containing P. aeruginosa effector Tse7 [34].

Another family of T6SS DNase effectors was found in the plant pathogen Agrobacterium tumefaciens. Ma et al.
identified two T6SS effectors, Tde1 (type VI DNase effector) and Tde2, that contained C-terminal toxin 43
domains belonging to a superfamily that shared a catalytic HxxD motif [29]. Although the toxin 43 domain was
predicted to have RNase activity [17], the authors did not detect RNase activity in vitro but rather they found
Mg2+-dependent DNase activity [29].

Recently, a family of DNase T6SS effectors named PoNe (polymorphic nuclease effectors) was reported [28].
PoNe belongs to a highly diverse superfamily of PD-(D/E)xK phosphodiesterases [35]. PoNe-containing effectors
were shown to mediate DNA degradation both in vitro and in vivo during bacterial competition [28]. Notably,
PoNe DNases share similar features, including a putative catalytic motif, with other predicted T6SS toxin domains
annotated as restriction endonuclease like (REase) [26,28]. While these REases were previously predicted to possess
DNase activity [26], this activity was not experimentally validated.

Membranes
Two main classes of effectors were shown to target bacterial membranes: pore-forming toxins and phospholipases.
The first pore-forming T6SS effector to be described was VasX from V. cholerae, which contains predicted C-
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terminal transmembrane helices. Upon delivery to the periplasm, VasX compromised the integrity of the inner
membrane as evident by loss of membrane potential and by increased cellular permeability to the intercalating dye,
propidium iodide [36]. These phenotypes resembled those caused by pore-forming colicins [37]. Recently, LaCourse
et al. identified the P. aeruginosa Tse4, a T6SS effector that contains predicted transmembrane domains and localizes
to the membrane, as another pore-forming toxin. However, unlike VasX, Tse4 pores allow ions, but not larger
molecules such as propidium iodide, to cross [38]. Other T6SS effectors were also suggested to be pore-forming
toxins based on homology to pore-forming colicins and the presence of transmembrane helices at their predicted
C-terminal toxin domains; their activities have yet to be demonstrated [27,39].

Several families of T6SS phospholipase effectors have been described to date. In 2013, Russell et al. used an
informatics approach and analyzed predicted T6SS-associated lipases [40]. Five widespread, divergent families of
lipase effectors, named Tle1-5 (Type VI lipase effector), were uncovered. Tle1-4 share a GXSXG conserved motif
and a Ser–Asp–His catalytic triad, while Tle5 share a dual HXKXXXXD motif [40]. Phospholipase activity was
demonstrated in vitro for Tle1 (phospholipase A2), Tle2 (phospholipase A1) and Tle5 (phospholipase D) family
members. Tle5 was also shown to affect membrane phospholipid composition in vivo, resulting in cell death by
targeting phosphatidylethanolamine, which leads to accumulation of phosphatidic acid [40]. A DUF2235-containing
effector that belongs to the Tle1 family was later also shown to possess phospholipase A1 and phospholipase A2

activity [41].

Energy balance
Another mechanism used by T6SS effectors is manipulation of the energy balance in the prey cell. Effectors
belonging to two phylogenetically distinct families were shown to exert their toxicity by depleting bacterial cells
of the co-factors NAD+ and NADP+ (thus they are called NADases), thereby inhibiting both anabolic and
catabolic processes [42,43]. The first NADase to be discovered was the P. aeruginosa T6SS effector Tse6 [42]. The
Tse6 C-terminal toxin domain structurally resembled mono-ADP ribosyltransferase toxins, which use NAD+ as
their ADP donor, yet it differed in activity. Instead of using NAD+ to modify a target protein, Tse6 hydrolyzed
NAD+ and NADP+, both in vitro and in cells, resulting in growth arrest [42]. Subsequently, Tang et al. identified
the Pseudomonas protegens effector PFL 6209 as a NADase. While PFL 6209 is structurally similar to Tse6, there
are some differences between the two NADases [43]. Therefore, Tse6 and PFL 6209 were defined as the founding
members of two NADase effector families named Tne1 and Tne2 (type VI secretion NADase effector family 1 and
2), respectively [43].

Post-translational modifications
Most T6SS effectors described to date target vital bacterial cell components and processes such as nucleic acids,
membranes, cell wall or energy balance, as described above. Nevertheless, a recent example revealed that T6SS
effectors also target specific bacterial proteins. Tre1 (type VI secretion ADP-ribosyltransferase effector 1), a Serratia
proteamaculans effector, was the first example of a T6SS effector that exerts its antibacterial toxicity by a post-
translational modification. Tre1 was shown to use its ADP-ribosyltransferase activity to post-translationally modify
FtsZ, an essential protein that is critical for cell division, thus blocking its ability to polymerize. This modification
resulted in cell division arrest. Interestingly, Tre1’s cognate immunity, Tri1, antagonized this toxicity not only
by directly occluding the toxin active site as other immunity proteins do, but also by catalytically cleaving the
ADP-ribose off the target protein [44].

Trans-kingdom effectors
Several antibacterial T6SSs were shown to target not only competing bacteria, but also eukaryotic cells. Thus,
they were termed trans-kingdom effectors. For example, the V. cholerae pore-forming effector VasX was originally
identified as a virulence toxin against grazing amoeba [45], but was later shown to also mediate interbacterial
competition [36]. In addition, the P. aeruginosa phospholipase D effectors, PldA and PldB, were shown to contribute
to the pathogen’s ability to invade epithelial cells by manipulating the PI3K-AKT signaling pathway, in addition to
their role in interbacterial competition [46]. A third P. aeruginosa effector, TplE (belonging to the Tle4 family), was
also shown to be a trans-kingdom phospholipase. TlpE inhibited bacterial growth and also enhanced autophagic
flux in eukaryotic cells by activating the unfolded protein response via the IRE1α-XBP1 pathway [47]. While
only pore-forming and lipase effectors were described as trans-kingdom effectors to date, it is likely that effectors
employing other mechanisms of action will be found as being trans-kingdom effectors in the near future. It is
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plausible that effectors that target nucleic acids (DNases or RNases), the cell’s energy balance (NADases) or other
proteins (ADP-ribosyltransferases and proteases) in bacteria, will also target similar cell components found in
eukaryotic cells.

Effector synergism & efficacy
Why do bacteria carry diverse repertoires of multiple T6SS effectors? Delivering multiple effectors into competitors
could possibly be a strategy to minimize the chances of encountering an immune competitor. However, another
explanation can be that effectors have different efficacies under changing environments, and hence relying on a
single effector could prove risky. Moreover, effectors could operate in synergy inside the prey, thus requiring a variety
of effector combinations. In a recent report, LaCourse et al. introduced the concepts of conditional toxicity and
synergism between T6SS effectors [38]. The authors tested P. aeruginosa T6SS effectors under different conditions
such as salinity, temperature or pH, and found that some effectors have significantly altered efficacies under tested
conditions [38]. In addition, the authors found that the cumulative activities of several effector pairs exceeded the
sum of their individual toxicity. This efficacy of synergistic effect was occasionally also dependent on external
conditions [38]. Several questions arise from these discoveries: how do different repertoires influence target range of
T6SSs?; does a given bacterium deliver all of its encoded effectors simultaneously, or are they delivered as separate
groups that change based on varying external conditions?; do isolates of the same species that harbor different
effector arsenals use their T6SS to target specific competitors in their local environment?; what mechanisms are
used to diversify effectors repertoires (see discussion on mobility of effectors below)?

Mechanisms of effector secretion & delivery, & marker domains
For T6SS-mediated deployment into recipient cells, effectors must be loaded onto the secreted tail that serves as
their means of transportation across the cell envelope. The first delivery mechanism to be identified was the fusion
of toxin domains to one of the T6SS tail components. Locating such effectors is relatively straightforward since
it can be achieved by identifying tail components that possess varying C-terminal extensions. Another delivery
mechanism is direct interaction of effectors with tail components (known as ‘cargo effectors’). These interactions
may be assisted by chaperone-like proteins called adapters. Identification of these effectors had so far been achieved
by examining genes of unknown function within T6SS gene clusters, comparative proteomics and bioinformatics.
Both delivery mechanisms often rely on the modular nature of effectors, as in many instances they are composed of a
C-terminal toxin domain fused to an N-terminal delivery or marker domain. These N- and C-terminal domains are
interchangeable, allowing for extraordinary diversification of effector repertoires in a ‘lego-like’ fashion (Figure 2).

‘Evolved’ tail components
The first T6SS-secreted protein that was demonstrated to function as an effector was the V. cholerae VgrG-1
containing a C-terminal actin cross-linking domain that targets eukaryotic cells [48]. In their work, Pukatzki et al.
coined the term ‘evolved VgrG’ to describe VgrG proteins that contain varying C-terminal extensions [48]. Since
this discovery, many ‘evolved VgrGs’ have been identified and shown to possess extended C-terminal domains with
antibacterial activities, as in the case of V. cholerae VgrG-3 that harbors a C-terminal peptidoglycan-hydrolyzing
toxin domain of the Tge superfamily [49]. VgrG is not the only tail component that can carry C-terminal extensions.
The two other components, PAAR-containing protein and Hcp, were also shown to often be ‘evolved’ and fused
to C-terminal antibacterial toxin domains with known or predicted activities, such as nuclease, phospholipase,
NADase or pore forming [33,42,50,51]. Therefore, Hcp, VgrG and PAAR-containing proteins may also be regarded
as T6SS-specific toxin delivery components. Notably, ‘evolved Hcps’ are mostly restricted to Enterobacteriaceae
species [33].

‘Evolved VgrG’ and ‘evolved PAAR’ effectors can fit their C-terminal toxin domain extensions in the internal
cavity that is formed between the T6SS spike and the baseplate complex [52]. However, it is less clear how ‘evolved
Hcp’ effectors are loaded onto the tail. C-terminal extensions of ‘evolved Hcp’ effectors cannot protrude outside of
the hexameric Hcp rings since this space is occupied by the sheath components TssB/C [53]. Therefore, such toxin
domains likely reside in the inner cavity of the Hcp rings, where the P. aeruginosa effector Tse2 was previously shown
to reside [54]. However, since the inner diameter of Hcp rings is only approximately 40 Å [54], it is probably too tight
to fit six C-terminal toxin domains, suggesting that hexameric rings that include ‘evolved Hcp’ are heterogeneous
and also include canonical, non ‘evolved’ Hcp.

future science group www.futuremedicine.com 1455



Review Jana & Salomon

Structural
C-terminal

“loading platform”
or toxin

Marker/delivery

Spike Cargo effector

Toxin

PAAR

VgrG

Hcp rings

Figure 2. Type VI secretion system spikes are modular, toxic toolkits. Illustration of modular type VI secretion system
tails made up of combinations of structural T6SS spike components (VgrG and PAAR-containing proteins) that can
also carry various cargo effectors. Spike components may be fused to a C-terminal toxin domain or to domains that
mediate effector binding (‘loading platforms’). The latter may mediate delivery of a cargo effector, possibly via
binding of a marker or delivery domain found in the cargo effector. The different combinations provide a dynamic
arsenal that is loaded onto the Hcp tube to be fired at a recipient cell.
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‘Evolved’ tail components do not always contain a toxin domain in their C-terminal extensions. In fact,
examination of common VgrG C-terminal extensions reveals that many contain domains of unknown function
(DUFs) that are not predicted to exert toxic activity, such as DUF2345. Therefore, non-toxin C-terminal extensions
of T6SS tail components may also serve as ‘loading platforms’ for effectors. This mechanism of effector loading
onto the tube, which is based on specificity conferred by the C-terminus of an ‘evolved VgrG’, was demonstrated in
several bacteria, such as E. coli [41], A. tumefaciens [55], P. aeruginosa [56] and Vibrio parahaemolyticus [28]. Indeed, VgrG
proteins were suggested to serve as ‘à la Carte’ effector delivery platforms [57]. A similar observation was reported
for ‘evolved PAAR’ proteins, many of which contain extensions with transthyretin (TTR) domains that are known
to mediate protein–protein interactions, and can thus serve as ‘loading platforms’ for additional effectors [50,58].
Since many T6SSs are associated with multiple Hcp, VgrG or PAAR-containing protein variants, the different
combination of these three core components may mediate the delivery of distinct effector arsenals by the same
T6SS under different conditions (Figure 2) [48,55,57,59,60].

T6SS-associated marker domains
The cocktail of toxin domains that decorate the secreted T6SS tail is further spiked by varying effectors that
bind Hcp, VgrG or PAAR-containing proteins (i.e., ‘cargo effectors’). While many of these effectors likely bind
C-terminal extensions of ‘evolved’ tail components, as explained above, the mechanisms that enable them to locate
and bind to the tail are largely unknown. Effectors that bind Hcp and reside inside the Hcp tube seem to be small
proteins since they need to fit into a narrow space, and they do not appear to possess domains in addition to the toxin
domain [54]. On the other hand, various effectors have been proposed to use VgrG or PAAR-containing proteins for
their secretion [39,41,55,57,59,61]; these are usually larger proteins that often contain additional N-terminal domains
that mark them as secreted effectors (hereafter, marker domains).

To date, two domains have been proposed as specific markers of T6SS effectors, MIX (Marker for type sIX
effectors) [39] and FIX (Found in type sIX effector) [28]. Both MIX and FIX are found N-terminal to known or
predicted toxin domains. Occasionally, they are fused to N-terminal VgrG or PAAR domain, further demonstrating
their association with the T6SS. MIX and FIX are genetically linked to T6SSs, and are encoded almost exclusively
in bacteria carrying T6SSs [28,39]. While many MIX-containing proteins have been demonstrated to be T6SS
effectors [39,45,62,63], FIX had only been discovered recently, and few examples were experimentally reported [28].
Since many C-terminal regions fused to MIX and FIX are not similar to known toxins [27,28,39], it is plausible that
they are novel toxin domains yet to be described. It remains unclear whether MIX and FIX serve as delivery domains
per se, directing the toxins to the T6SS tail and mediating interaction with tail components, or whether they serve
a structural or some other functional role in the effectors’ mechanism of secretion, delivery into neighboring cell,
or mechanism of action.

In addition to MIX and FIX, many T6SS effectors carry rearrangement hotspot (Rhs) repeats N-terminal to the
toxin domain [30]. Therefore, Rhs can also be regarded as a marker for secreted effectors. However, since Rhs is not
restricted to T6SS effectors [30,64], it is not strictly a T6SS marker. Structural analyses of Rhs-like toxins revealed
that Rhs possibly encapsulates the toxin domain [65], suggesting that it plays a structural role in effector maturation
rather than a functional role in T6SS-mediated secretion. Examination of sequences fused to T6SS effectors will
surely reveal additional T6SS markers and delivery domains in the near future.

The described marker domains (MIX, FIX and Rhs), as well as the T6SS delivery domains and proteins (Hcp,
VgrG and PAAR-containing protein) can be used to identify new T6SS effectors and thus new toxin domains located
at their C-termini. Indeed, many C-terminal domains fused to these N-terminal marker and delivery domains have
been proposed as toxins. Their predicted or hypothetical activities range from pore-forming toxins to nucleases,
proteases or other types of hydrolases [27,28,33,39,48]. Noteworthy, similar toxin domains to those identified in many
T6SS effectors are also found in effectors of other systems implicated in interbacterial antagonism [4,17,28,30,66,67].
Therefore, deciphering the activity of a new toxin family could have implications relevant to more than one
interbacterial competition mechanism, or even to nonsecreted toxin–antitoxin modules, which are widespread in
bacteria and may use similar antibacterial mechanisms [68].

Adapters & chaperones
Some T6SS ‘cargo effectors’ seem to require additional assistance when they are being loaded onto the T6SS tail.
The aid is provided by proteins referred to as adapters or chaperones. The first protein that was shown to function
as a chaperone for T6SS effectors was the tube component Hcp. In P. aeruginosa, the presence of Hcp was shown
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to be required for the stability of effectors that bind to it and use it as their ‘loading platform’, since deletion or
depletion of Hcp resulted in reduced levels of intracellular effector accumulation [54].

In addition to Hcp, which is a central structural component that is required for T6SS activity, three other
protein families were described as T6SS adapters: DUF4123 [69,70], DUF1795 (also referred to as Eag) [31,59,71] and
DUF2169 [55]. These adapters are usually encoded upstream of their cognate effectors, they are not required for
T6SS activity, and they are not secreted by T6SS. Rather, they probably serve to stabilize effectors and aid in their
loading onto the tail, and thus they are required for the T6SS-mediated delivery of their cognate effector. Adapters
were shown to physically interact with their cognate effectors, yet it remains largely unknown whether the three
known adapter families function via similar mechanisms, whether they bind similar structural elements within
T6SS effectors (e.g., Eags were shown to bind and shield transmembrane helices found in T6SS effectors [71]), or
whether they functionally contribute to the loading of effectors onto the T6SS tail. An additional mechanism of
effector delivery was recently reported, in which the DUF4123 adapter was aided by a co-adapter that was encoded
between the adapter and the effector gene [58]. Importantly, these T6SS-specific adapters can be used to indirectly
identify adjacently encoded genes as T6SS effectors [70].

Dynamic T6SS effector repertoires & mobility of effectors
Comparisons of bacterial genomes harboring antibacterial T6SSs revealed high level of divergence in effector
repertoires. Even isolates of the same bacterial species were found to harbor diverse effector repertoires, sometimes
encoding different effectors in the same genomic synteny [39,69,72,73]. These observations raised the possibility that
the T6SS effector repertoire in a given bacterial strain is dynamic and subject to change, possibly via horizontal
gene transfer. Indeed, correlative evidence of horizontal mobility of T6SS effectors was reported in various vibrios.
The presence of MIX effectors adjacent to, or in mobile genetic elements such as transposons or prophages [62,74],
together with evidence of recombination sites within DUF4123 adapters [69] and of sequential acquisition of
effector and immunity pairs [75], supported the concept of dynamic horizontal exchange of T6SS effectors between
bacteria. In 2015, Borgeaud et al. [76] demonstrated that antibacterial T6SS can foster horizontal gene transfer in V.
cholerae, thus raising the possibility that T6SS effectors can be horizontally shared between competing bacteria in a
T6SS-mediated manner. This effector arsenal diversification mechanism was later confirmed by Thomas et al. [77],
who demonstrated horizontal acquisition of T6SS effectors by V. cholerae via natural transformation. Since bacteria
that acquire such new effectors gain competitive advantage over their parental kin, it is likely that the dynamics of
effector acquisition play a role in shaping the composition of bacterial communities [62,77,78].

Future perspective
T6SS is a widespread machine used by Gram-negative bacteria to outcompete rivals. While we have witnessed
considerable progress in recent years toward understanding the roles of T6SSs, their structural and dynamic aspects,
and even discovered many of their delivered effectors, much remains unknown. Most of our current knowledge
comes from studying a handful of culturable and genetically tractable bacterial species, whereas the functions and
effectors of T6SSs in other bacteria remain speculative. In many cases, we still do not understand under what
conditions are T6SSs activated, what is their effector repertoire, or how to determine whether a certain T6SS
mediates antibacterial activities, virulence activities, or both.

The ability to activate T6SSs in bacteria is required to study their functions and to determine their effector
repertoires. Even though we can identify T6SS effectors computationally using delivery or marker domains, or
by identifying potential neighboring adapters, many bacteria that harbor T6SSs do not have identifiable effectors.
Identifying potential effectors in these bacteria will thus either require the employment of unbiased strategies such
as comparative proteomics, which will also necessitate an active T6SS, or the discovery of new marker domains
that can reveal additional novel T6SS effectors.

As discussed above, the study of individual effectors is useful to decipher antibacterial mechanisms of action.
Yet, considering the function or activity of individual effectors may represent a very simplistic and reductionist
point of view. As work by LaCourse et al. recently underlined [38], we also need to take into account the role
and function of T6SS effectors in the context of diverse effector repertoires, and we should consider that such
repertoires are employed under constantly changing environmental conditions. Therefore, it is expected that
additional work considering the potential synergism between effectors will soon emerge. Of note, the possibility
of potential synergism between T6SS effectors is not limited to effectors delivered by a single system. Since many
bacteria harbor multiple T6SSs [79], each with its own effector arsenal, it is also plausible that synergism between
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T6SSs with different effector repertoires will be revealed. Therefore, one must consider the effector repertoires of
individual T6SSs as well as the whole T6SS effector repertoire of a bacterial isolate. A comprehensive database
of T6SS effectors that makes use of our knowledge on delivery, marker, toxin and adapter domains will surely be
instrumental in such future endeavors.

Conclusion
Last, one must consider the enormous potential found in T6SSs as natural antibacterial mechanisms. These
systems, either in their entirety or just as single effectors with antibacterial activities, provide a lucrative pool that
can be exploited to develop novel antibacterial treatment strategies. This potential underscores the importance of
continued research into T6SSs and their effectors.

Executive summary

Antibacterial type VI secretion system effectors: activities & targets
• Type VI secretion systems (T6SSs) can deliver multiple effectors with diverse targets into competing cells.

Antibacterial effectors are known to target nucleic acids, membranes, cell wall, energy balance and specific
essential proteins.

• Several T6SS effectors are trans-kingdom toxins that target not only competing bacteria, but also eukaryotic cells.
• Effectors can act synergistically inside target cells, and their activities may depend on external conditions.
Mechanisms of effector secretion & delivery, & marker domains
• The tube and spike components Hcp, VgrG and PAAR-containing protein may be regarded as T6SS-specific toxin

delivery components that can carry C-terminal toxin domain extensions.
• Non-toxin C-terminal extensions of T6SS tail components may also serve as ‘loading platforms’ for ‘cargo

effectors’.
• Large modular effectors use VgrG or PAAR-containing proteins for their secretion, and often contain N-terminal

domains such as MIX, FIX or Rhs.
• Some T6SS ‘cargo effectors’ require adapters for proper T6SS loading and delivery.
Dynamic T6SS effector repertoires & mobility of effectors
• Horizontal acquisition of T6SS effectors diversifies T6SS effector repertoires, even between isolates of the same

bacterial species. Such dynamic effector acquisition may play a role in shaping the composition of bacterial
communities.

Future perspective
• T6SSs and their effectors carry enormous potential as natural antibacterial mechanisms. They provide a lucrative

pool that can be exploited to develop novel antibacterial treatment strategies.
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