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resulted in significantly smaller numbers
of A/E lesions (pedestals), whereas the
inhibition of 2-AG by a diacylglycerol lipase
inhibitor (tetrahydrolipstatin) led to an
increase in these lesions. The inhibitory
effects of 2-AG were not restricted to A/E
pathogens, as this molecule also inhibited
the T3SS-dependent virulence activity
of the prevalent foodborne pathogen
Salmonella enterica serotype Typhimurium.
It remains to be determined whether 2-AG
or other endocannabinoids could also
antagonize the virulence programs of other
enteric bacterial pathogens, such as
Campylobacter,Shigella, or Vibrio cholerae.
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Bacteria have evolved systems dedi-
cated to interbacterial competition
Here we highlight defenses utilized
by Gram-negative cells against type
VI secretion system (T6SS)-wielding
The authors then deciphered the mecha-
nism by which 2-AG exerts its inhibitory
effects on A/E pathogens (Figure 1).
They first showed that FadL, a long-chain
fatty acid transporter located in the bacte-
rial outer membrane, is necessary for
pathogen sensing of 2-AG, as LEE
inhibition by 2-AG was abolished when
an isogenic fadL mutant of EHEC was
used. They then studied the bacterial
provirulence receptor, QseC, an inner-
membrane-bound histidine kinase (found
in several pathogens, including A/E patho-
gens and Salmonella), which autophos-
phorylates upon activation by the host
neurotransmitters epinephrine (Epi) and
norepinephrine (NE). This is followed by
transfer of the phosphate to downstream
regulators, which then activate transcrip-
tional programs for LEE-encoded virulence
including T3SS, thereby exacerbating
A/E lesion formation and disease [9]. By
assessing the transcription and secretion
of LEE-encoded factors, the authors
showed that 2-AG inhibited LEE in the
parental strains, but not in CR and EHEC
qseC mutants. In an in vitro liposome sys-
tem, QseC activation (autophosphorylation)
was decreased by 2-AG and was not re-
stored by addition of its agonist, epinephrine.
Finally, when infecting MgII WT and KO
mice with the CR qseC mutant, no differ-
ence in fecal or cecal tissue colonization
relative to the parental bacterial strain
was observed.

This study shows that the host endo-
cannabinoid 2-AG confers protection
against bacterial enteric pathogens by
specifically antagonizing the bacterial
provirulence receptor, QseC. Unlike
other endocannabinoids, such as
anandamide, 2-AG crosses the outer
membrane of pathogens via the fatty
acid transporter FadL, and inhibits
QseC autophosphorylation. This affects
the enteric pathogen transcriptome by
significantly decreasing T3SS-
dependent virulence functions. This article
neatly introduces the potential for broader
effects of 2-AG in the modulation of bacte-
rial function, with potential impacts on
host–bacterium interactions and the out-
come of enteric diseases. This study also
paves the way for a new approach
(antivirulence strategies) to combat bac-
terial infections, particularly those caused
by antimicrobial drug-resistant bacteria,
or EHEC, for which antibiotics may
worsen the infection [5]. A QseC inhibitor,
LED209, has been shown to decrease
the virulence of several Gram-negative
pathogens in vitro and in mice [10,11].
Given that LED209 and 2-AGhave different
chemical structures, it would be interesting
to investigate the interaction of both com-
pounds on QseC. These new findings
also raise questions as to whether canna-
bis compounds or synthetic derivatives
can mimic 2-AG to inhibit the induction of
virulence among enteric pathogens, and
whether they might one day be used to
treat intestinal bacterial infections without
antibiotics.
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Figure 1. Bacterial Defenses
against Type VI Secretion
System (T6SS) Attack.
Overview of select bacterial
strategies for defense
against T6SS antagonism. (A)
Extrapolysaccharide (EPS)/
capsule and biofilm matrix
production defends target
cells (blue) from T6SS-wielding
cells (red). (B) Orphan immunity
genes acquired by target cells
through horizontal gene
transfer produce immunity
factors that can neutralize
T6SS-delivered effectors.
While only cytoplasmic-acting
effectors and orphan immunity
factors are shown here,
periplasmic localization and
activity is also common.
(C) Intoxication or physical
penetration of target cells
by the T6SS of antagonists,
or the sensing of lysed kin
cells, can induce altered gene
expression that increases
target cell fitness. Size scaling
of figure components is
illustrative only. Not all defensive
mechanisms described in the
text are depicted in the figure.

competitors, including physical bar-
riers, genetically encoded antidotes,
and stress responses. Further investi-
gation of specific and general de-
fenses will reveal the interbacterial
selective pressures impacting bacte-
rial survival in nature.

Introduction
Type VI secretion systems (T6SS) are used
by diverse Gram-negative bacteria to deliver
effector proteins to target cells. While
targeting of eukaryotic cells by the T6SS of
some pathogens is linked to virulence,

many bacteria use the T6SS to deliver bacte-
riostatic or bacteriolytic effector proteins to
other bacterial cells [1,2]. T6SS effectors
exert their inhibitory activity on other bacteria
via the targeting of inherent vulnerabilities of
the recipient cell, including membranes, the
peptidoglycan layer, and nucleic acids [2].
Kin cells are protected from T6SS intoxica-
tion by the production of cognate immunity
proteins that typically neutralize toxic cog-
nate effector activity through highly specific
protein–protein interactions. The mecha-
nisms by which non-kin cells defend against
T6SS intoxication are just beginning to be
revealed.

Shoring up the Wall: Physical
Protection from the T6SS
Intoxication by the T6SS requires prolonged
cell–cell contact, as occurs when bacteria
grow on solid surfaces or in highly viscous
liquids. Recent evidence suggests that
physical structures that prevent intimate as-
sociation between competing non-kin bac-
teria can neutralize T6SS-dependent killing.
In Vibrio cholerae, exopolysaccharide (EPS)
production facilitates adhesion to surfaces
and provides a physical structure that en-
closes bacteria into a matrix and facilitates
biofilm formation [3]. Genetic ablation of
EPS production in cells targeted by T6SS-
wielding competitors confers increased sus-
ceptibility to exogenous T6SS attacks from
varied antagonists, indicating that the phys-
ical elaboration of EPS structures provides
defense against the T6SS (Figure 1A). Nota-
bly, the EPS-dependent protective effect
does not inhibit endogenous T6SS function-
ality, suggesting that EPS structure modu-
lates passage and allows T6SS egress, but
not foreign T6SS ingress. Biofilmmatrix pro-
duction is also linked to pleiotropic effects,
including resistance to antibiotics, coloniza-
tion resistance, and defense against phage
[4,5]. In this manner, matrix production
may serve as a flexible defense mechanism
thatmay be particularly useful when bacteria
inhabit different environments or interface
with diverse competitors. Other physical
structures can also serve in defense against
the T6SS, including dead bacterial cells [6].
Extension of this concept raises the possibil-
ity of additional physical defenses that may
protect cells against the T6SS, like liquid
crystalline sheaths made by filamentous
phages or paracrystalline surface layers
[7,8].

The bacterial cell wall itself can also provide
defense against T6SS attack. The peptido-
glycan (PG) layer is a common target of
T6SS-delivered effectors that act through
the hydrolysis of PG peptide crosslinks
[2]. Unique T6SS PG hydrolase effector
families have distinct specificity for different
bonds in PG crosslinks. Recent evidence
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demonstrates that this specificity can be
leveraged to avoid killing by the T6SS.
Acinetobacter baumanii can escape intoxi-
cation by T6SS PG hydrolases through the
incorporation of noncanonical D-amino
acids into PG muropeptides, thereby
preventing peptide cleavage and lysis [9].
Similar modifications to the glycan strands,
such as O-acetylation, may protect cells
from PG-targeting glycoside hydrolases
[10]. Together, these findings implicate
structures like EPS and the PG layer of
the cell envelope as key physical bulwarks
for neutralization of the T6SS.

Genetic Antidotes
Effector toxins delivered by the T6SS and
their cognate immunity factors can vary
dramatically between strains and species
[2]. This diversification is predicted to be
the result of an evolutionary arms race be-
tween bacteria and their antagonists [11].
In this scenario, selective pressure favors
the acquisition of new immunity genes by
target cells for their protection. In line with
this prediction, recent studies from diverse
taxa have discovered aggregated clusters
of horizontally acquired 'orphan' immunity
genes by bacteria that lack the corre-
sponding cognate effector genes
(Figure 1B). For example, Vibrio cholerae
genomes harbor clusters of orphan immu-
nity genes that reside downstream of in-
tact effector–immunity bicistrons that are
predicted to evolve via the recombination
of horizontally acquired modules into
existing T6SS loci where they might confer
protection against intraspecies competi-
tors [12].

One context in which orphan immunity
genes appear to be under strong selection
is the human gut microbiome. Found
within the genomes of diverse Bacteroides
species are consolidated clusters of or-
phan immunity genes on mobile elements
termed acquired interbacterial defense
(AID) systems [13]. AID systems neutralize
T6SS effectors delivered by Bacteroides

fragilis during contact-dependent interac-
tions both in vitro and in dual-colonized
gnotobiotic mice. The consequences of
B. fragilis T6SS neutralization by AID-
encoded orphan immunity appear pro-
found, since many human gut
microbiomes with a high abundance of or-
phan immunity lack B. fragilis, suggesting
that orphan immunity genes (and, by infer-
ence, the T6SS) are a critical determinant
of strain composition in the gut microbiome.
Further evidence reinforces the pervasive-
ness of orphan immunity in the gut.
Bacteroidales genomes harbor clusters of
orphan immunity genes found adjacent to
genes predicted to encode tyrosine
recombinases. These loci, termed
recombinase-associated AID (rAID) sys-
tems, feature intergenic sequence motifs
and genetic organization that is reminiscent
of integrons, implicating active gene acquisi-
tion as a mechanism by which bacteria ag-
gregate orphan immunity genes.

Because the relationship between T6SS
effector and immunity proteins is so
highly specific, many Gram-negative
bacteria may face strong selection as a
result of repeated ecological encounters
with antagonistic strains or species that
wield unique T6SS effectors. Repeated
exposure of target cells to specific an-
tagonists could thereby favor the accre-
tion of repertoires of orphan immunity
genes due to their capacity to neutralize
discrete T6SS effectors that exert per-
sistent selective pressure. Some orphan
immunity genes may also encode broad
specificity that permits cross-
neutralization of nonhomologous T6SS
effectors, as has been demonstrated
for immunity factors that defuse the tox-
icity of T6SS-delivered ADP-
ribosyltransferase effectors [14]. Under-
standing to what extent orphan immu-
nity factors are common features of
Gram-negative bacterial defenses will
require the careful detection and
curation of T6SS effector and immunity
genes and the systematic analysis of

high-quality genome assemblies across
diverse taxa.

Stress Is Protective
Intoxication occurs when target bacteria
are not protected from T6SS attack, either
by insufficient physical barriers or the lack
of appropriate orphan immunity genes.
However, under conditions of direct intoxi-
cation by the T6SS, or in proximity to intox-
icated cells, bacteria can mount concerted
physiological responses that promote their
survival (Figure 1C). Pseudomonas
aeruginosa cells detect the lysis of neigh-
boring kin cells and alter gene expression
via post-transcriptional regulation, leading
to increased activity of the T6SS, among
other pathways, in a process termed dan-
ger sensing [15]. In parallel, P. aeruginosa
cells can directly sense intoxication and
physical damage caused by the T6SS of
competitors, such as V. cholerae, leading
to the post-translational activation and fir-
ing of the T6SS and 'tit-for-tat' counterat-
tack [16,17]. In a similar way, Serratia
marcescens cells can tune expression of
the T6SS in response to the degree of
competitor aggression they experience
[18]. Other bacteria, such as Escherichia
coli, that are intoxicated by the
V. cholerae T6SS, can promote their own
survival (after said intoxication) through the
concerted action of specific envelope
stress-response pathways that induce up-
regulation of capsule biosynthesis,
osmotic-response genes, and endoge-
nous T6SS genes [19]. Finally, Salmonella
enterica serovar Typhimurium strains
inhabiting mixed biofilms can induce cellu-
lar stress responses following T6SS intoxi-
cation by competitor cells [20]. Target cell
stress-response pathway activation, in in-
toxicated Salmonella cells, includes
RpoS- and SoxRS-mediated pathways
leading to the upregulation of biofilm matrix
production and antibiotic export pumps.
These examples of T6SS attack resulting
in physiological stress responses in target
cells appear to be parallel examples of a
bacterial collective behavior termed
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competition sensing [21]. Notably, these
pleiotropic stress responses are hard-
wired into the genetic circuitry of bacteria
andmay be agnostic to the specific identity
of the antagonist. Further investigation of
T6SS-induced stress responses may re-
veal the extent to which cellular defenses
identified to date are interconnected.
For example, Bacteroides ovatus cells in-
toxicated by the T6SS of Bacteroides
fragilis specifically upregulate orphan im-
munity gene expression [13].

Concluding Remarks
Our detailed understanding of the inner
workings of the T6SS apparatus and the
vital cellular epitopes targeted by effectors
is due to productive efforts focused on
the aggressor-side of the T6SS-mediated
interbacterial interaction. In comparison,
relatively little is known about the role of
the T6SS in natural settings, including the
identity of bacteria sharing overlapping
niches that are targets of the T6SS, and
the consequences of T6SS-mediated an-
tagonism on bacterial coexistence within
microbial communities. We propose that
the investigation of specific (e.g., orphan
immunity) or general (e.g., EPS or stress re-
sponse) defense strategies that are utilized
by bacteria to increase fitness in the face of
T6SS attack will yield insight into these
mysteries. An understanding of themecha-
nisms that resident bacteria use for de-
fense against T6SS-facilitated invasion
could assist development of improved
strains that can surmount those defenses
to increase their capacity for colonization.
Similarly, efforts to harness the T6SS for
microbiome editingmight take into account
the capacity for target bacteria to mount
defenses that render the weapon ineffec-
tive. Finally, there are striking parallels be-
tween the defenses described in this
study and those used by bacteria to pro-
tect from antibiotics or phage attack. Fu-
ture work should reveal the commonalities
and idiosyncrasies of bacterial defense
against varied threats.
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Epigenetic Memories:
The Hidden Drivers of
Bacterial Persistence?
Leise Riber1,*,@ and
Lars Hestbjerg Hansen1

Epigenetic modifications, including
DNA methylation, stably alter gene
expression without modifying geno-
mic sequences. Recent evidence
suggests that epigenetic regulation
coupled with a long-term 'memory'
effect plays a major role within bac-
terial persistence formation. Today,
emerging high-resolution, single-
molecule sequencing technologies
allow an increased focus on DNA
modifications as regulatory epige-
netic marks, which presents a
unique opportunity to identify
possible epigenetic drivers of
bacterial persistence.

Bacterial Persistence
Most bacteria can enter a physiological state
of dormancy when encountering otherwise
lethal stress, whichmakes them expert sur-
vivors. This dormant lifestyle is hallmarked
by a significant reduction in growth rate
and metabolic activity, evoking a state of
deep 'sleep', known as persistence [1].
Whether the perceived dormancy of per-
sisters is linked to a dynamic state of
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