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Abstract

Here we propose that bacteria detect and respond to threats posed by other bacteria via an
innate immune-like process that we term danger sensing. We find support for this contention by
reexamining existing literature from the perspective that intermicrobial antagonism, not
opportunistic pathogenesis, is the major evolutionary force shaping the defensive behaviors of
most bacteria. We conclude that many bacteria possess danger sensing pathways composed of a
danger signal receptor and corresponding signal transduction mechanism that regulate pathways

important for survival in the presence of the perceived competitor.



Introduction

Viewed classically, an immune system relies on specialized cell types to detect the
presence of threats and orchestrate a response. The discovery of the CRISPR/CAS system in
bacteria has challenged this long-held perspective and demonstrated that even adaptive immunity
is feasible in a single-cell organism [1, 2]. Given that prokaryotes are among the most ancient
and successful life forms, it would be surprising if they had not also evolved the ability to detect
more generalized forms of danger and take protective measures, akin to the innate arm of
immunity in eukaryotes.

Innate immune systems of multicellular organisms function by detecting molecules
associated with invasion by pathogens. One such class of molecules consists of conserved
cellular components of the pathogens themselves, termed pathogen-associated molecular patterns
(PAMPS). Interaction between PAMPS and pattern recognition receptors (PRR) stimulates an
inflammatory response during which effector cells are recruited to eliminate the danger and
repair tissue. More recently, this paradigm has been extended to include a class of
immunostimulatory molecules termed damage associated molecular patterns (DAMPS) [3].
DAMPs arise when endogenous molecules that make up a healthy cell are mislocalized to the
extracellular milieu due to necrosis or cell damage. Many of the same PRRs that respond to
PAMPs, including Toll- and Nod-like receptors, have the capacity to recognize these so-called
danger signals [4, 5]. Eukaryotes thus detect exogenous and endogenous molecules that indicate
danger and launch appropriate responses.

For a bacterium to sense and respond to danger, these actions must somehow occur
within the context of an individual cell or a distributed population of genetically identical cells.

This would also require the capacity to sense a set of cues that are associated with a threat and



respond with measures that eliminate the source of danger, prevent an attack, or minimize
damage resulting from an attack. Here we assemble an assortment of published studies and
reevaluate their significance in light of the hypothesis that bacteria — in a process we term danger
sensing — recognize exogenous self- and non-self-derived molecules indicative of the presence of
a threat from a competitor and respond in a concerted fashion with protective measures, akin to

the eukaryotic innate immune system.

Danger sensing in bacteria

Bacteria face constant threats to their survival, including environmental factors (e.g.
extreme temperature, nutrient limitation, ultraviolent radiation) and antagonism by other
organisms. For the purposes of this review, we will focus on biotic threats that derive from
bacterial competitors. Interbacterial competition has been honed over eons as microbes battle for
overlapping niches. Overt antagonism between bacteria is accomplished by diffusible small
molecule antibiotics, antimicrobial peptides (AMPs), proteineaceous toxins, and contact-
dependent toxin delivery pathways including the type V1 secretion system (T6SS) and contact
dependent inhibition (CDI), among other mechanisms [6-11]. Given that genes encoding
antibacterial factors are virtually universal within bacterial genomes, it would be surprising if
bacteria had not evolved generalized cellular programs, i.e., danger sensing pathways, for
counteracting them.

Danger sensing is complementary to, but distinct from the concept of “competition
sensing”, recently put forth by Cornforth and Foster. To explain the observation that toxin
production is a component of many general stress responses, these authors propose that bacteria

have evolved to recognize generalized cell damage as an indication of competitors [12]. In



contrast, danger sensing is mediated through detection of exogenous molecules that coincide
with the presence of a potential threat. As we describe further below, danger signals can derive
either from damaged neighboring kin cells, or can be produced by the threatening species.
However, in both of these cases, the danger signals themselves do not cause damage to the cells
by which they are perceived.

There are three components of the danger sensing process that we delineate. First are the
molecular species that indicate a threat (Figure 1-1). Just as eukaryotes have the ability to sense
PAMPs and mislocalized self-derived molecules (DAMPs), we find literature demonstrating that
bacteria can also sense self- and non-self-derived cues and respond with measures to mitigate the
danger. The second component is the receptor and signal transduction mechanism that detect and
mediate a response to these danger signals (Figure 1-2). Where the signal transduction
mechanism has been characterized, this is most often a two-component regulatory system (TCS),
but other types of regulatory pathways are also employed. Last is the response, which is defined
by the factor(s) modulated by the danger-responsive signal transduction pathway(s) (Figure 1-3).
In the majority of examples we cite, responses consist of the elaboration of both offensive and

defensive factors.

Sensing danger as self (DAMP)

Gac/Rsm-mediated detection of kin cell lysis. One mechanism by which eukaryotic
innate immune systems sense danger is through detection of DAMPs. Recently, an analogous
system for detecting cellular damage and mounting a counterattack was discovered in the Gram-
negative opportunistic pathogen, Pseudomonas aeruginosa (Figure 1A) [13]. During growth in

the presence of an antagonistic competitor, a subset of the P. aeruginosa population lyse,



releasing cell-associated molecules into the extracellular milieu. One or more of these molecules
then stimulates a global regulatory pathway in surrounding cells that promotes the fitness of P.
aeruginosa during interbacterial competition. When considered a danger sensing pathway, the
molecules released by lysed cells are the danger signals (analogous to eukaryotic DAMPSs) that
launch a global response when sensed by the intact cells.

The pathway that responds to lysate from kin cells, and that we propose coordinates the
danger response, is the Gac/Rsm pathway. At its foundation, Gac/Rsm consists of a sensor
kinase and response regulator pair, GacS and GacA, respectively [14]. When Gacs is stimulated,
GacA positively regulates transcription of the small RNAs (SRNA) rsmY and rsmZ [15]. These
SRNAs modulate activity of RsmA and RsmF, RNA binding proteins that interact with
recognition sequences in a subset of messenger RNAs (mMRNA) and prevent their translation [15,
16]. At sufficient abundance, rsmY and rsmZ sequester RsmA and RsmF from these mRNA
targets, allowing translation to proceed. GacS is additionally modulated by upstream orphan
sensor kinases [17-20], one of which, RetS, is required for the ability of P. aeruginosa to detect
kin cell lysis [13, 17-20]. A point mutation in a conserved residue in the predicted periplasmic
signal binding domain of RetS abrogates the ability of P. aeruginosa to sense kin cell lysate,
suggesting that this sensor kinase may directly perceive the danger signal(s).

Viewing the Gac/Rsm pathway as a danger response, its regulon encompasses offensive
factors (e.g. the T6SS and hydrogen cyanide) that have been demonstrated to directly antagonize
the source of the threat and putative defensive factors (e.g. exopolysaccharides) that may provide
resistance to antagonism [14, 18, 21]. Additionally, many uncharacterized proteins under
Gac/Rsm control are secreted or predicted to localize to the cell surface, consistent with their

participation in intercellular interactions [21, 22]. P. aeruginosa cells lacking a functional



Gac/Rsm system undergo dramatic cell death in the presence of a bacterial competitor that
cannot be attributed to any one component of the pathway, indicating that Gac-mediated danger
sensing is a multi-faceted response [13]. Though we now appreciate that many factors under
Gac/Rsm control mediate bacterial interactions, the pathway has received most attention as a key
mediator of the switch between the chronic and acute infectious states of P. aeruginosa [19, 23].
As its populations are predominantly free-living in the environment, the selective pressure for the
duality of factors under Gac/Rsm likely derived from intermicrobial antagonism.

Both the core components of the Gac/Rsm pathway and the hybrid sensor kinases that
modulate GacS activity, including RetS, are conserved among pseudomonads, perhaps providing
a common mechanism for danger sensing [24, 25]. Supporting this hypothesis, Gac/Rsm
modulates the ability of Pseudomonas protegens (previously Pseudomonas fluorescens) to
inhibit plant pathogens, thus demonstrating that control of antibacterial factors by Gac/Rsm is
not unique to P. aeruginosa [18, 26]. The core components of the Gac/Rsm pathway are more
broadly conserved across y-proteobacteria, but the potential for the pathway to serve in
mediating a danger response outside of the pseudomonads is less clear [21]. In Escherichia coli
for example, acetate and formate stimulate activity of the GacS homolog, BarA, suggesting the
pathway in this organism serves to monitor metabolic status of the population [27]. However,
Lapouge and colleagues noted that across the y-proteobacteria, many Gac regulated factors have
relevance to interbacterial interactions: production of antibiotics, extracellular proteases, quorum
sensing factors, and exopolysaccharide production [21]. Furthermore, the RsmA homolog, CsrA,
negatively regulates T6S in Yersinia pseudotuberculosis [28]. These observations may indicate a

more general role for this conserved signaling pathway in mediating danger sensing.



Sensing extracellular DNA (eDNA) via PhoPQ. The PhoPQ pathway has been studied
most extensively in the pathogen Salmonella enterica [29, 30]. The sensor kinase PhoQ
recognizes cues associated with the intracellular niche of the bacterium (AMPs, low pH, and low
Mg®* concentration), and acting through its cognate response regulator PhoP, induces a
multifaceted cellular program that enhances survival in vivo [31-33] (Figure 1B). However, the
PhoPQ system is found in many bacteria that are not adapted to an intracellular, or even host-
associated, lifestyle. We propose that in these bacteria, PhoPQ could serve as the signal
transduction mechanism within a conserved danger sensing pathway. Under certain
circumstances, each of known stimuli of PhoPQ listed above could indicate a proximal bacterial
threat. One consequence of PhoPQ sensitivity to Mg?" is that cells respond to the presence of
extracellular DNA (eDNA), which can sequester large quantities of the cation [34, 35]. Since
eDNA is generated when cells lyse, PhoPQ is in effect responsive to an endogenous signal that is
released into the extracellular milieu during intercellular antagonism.

Consistent with a role for this pathway in mediating a response to danger, the PhoPQ
regulon induces outer membrane modifications that provide protection from antimicrobials, most
notably the AMPs [36]. For example, PhoPQ activates the PmrAB TCS, which induces the
covalent modification of lipid A with aminoarabinose and ethanolamine. Collectively, these
changes prevent the integration of AMPs into the membrane by an overall reduction of the
negative charge of lipopolysaccharide [37]. Other defensive measures are also controlled by
PhoPQ homologues in a variety of species, including formation of cellular aggregates by
Yersinia pestis, and outer membrane localization of a protease of S. enterica that inactivates a

subset of AMPs [38, 39].



Responses to exogenous cues that alert cells to danger

Sensing and responding to antibacterial molecules. In many tissues of eukaryotes, any
sign of the presence of another organism indicates that a barrier has been breached and an
immune response is warranted. Eukaryotes have thus evolved the capacity to sense conserved yet
intrinsically harmless bacterial structures such as flagellin and lipopolysaccharide. In contrast,
free-living bacteria rarely exist in isolation from other microbes and therefore responding to such
molecules would lead to a constant state of “immune” activation. We reason that this is an
explanation for the prevalence of pathways in bacteria that instead sense the effectors of
interbacterial antagonism. Such cues signify the proximity of rival cells while simultaneously
allowing bacteria to differentiate between friend and foe. Decades of literature regarding
bacterial responses to antibiotics support the supposition that toxins can be detected. However, to
assess whether such a detection mechanism constitutes a true danger response, it is important to
distinguish between the responses that occur due to antibiotic-induced cellular damage (e.g.
general stress responses) and those that occur at concentrations in which the antibiotic does not
activate a general stress response and instead operates as a signaling molecule.

One type of response to antimicrobials consists of an antibiotic stimulating expression of
a single operon encoding a corresponding resistance determinant, a process termed adaptive
resistance. The cassettes that encode tetracycline and vancomycin resistance are well
characterized examples of this process [40]. In both cases, a negative regulator directly interacts
with the antibiotic to relieve repression of resistance genes encoded in the same operon.
Specifically, when tetracycline binds to the repressor TetR, expression of the tetracycline efflux
pump TetA, is induced [41]. Vancomycin is sensed by the VanRS TCS, which induces a

modification of the antibiotic target, a precursor for peptidoglycan synthesis [42]. Accordingly,



these gene clusters can be considered to function as highly specific danger sensing pathways
wherein a given antibiotic is sensed by a signal transduction mechanism to mediate resistance.

Antimicrobials have also been reported to stimulate more complex regulons that
encompass diverse protective mechanisms, including antibiotic production, spore formation,
exopolysaccharide synthesis, or a combination of these functions [40, 43, 44]. In one of the first
studies of the effects of sub-inhibitory antibiotics on bacterial physiology, it was demonstrated
that tobramycin, a natural product synthesized by the bacterium Streptomyces tenebrarius [45],
induces production of exopolysaccharides in P. aeruginosa [46]. Increased exopolysaccharide
production by P. aeruginosa in turn confers enhanced resistance to tobramycin and other
aminoglycoside antibiotics [47]. One interpretation of these findings is that production of
exopolysaccharides by P. aeruginosa in response to tobramycin is a danger sensing behavior.
However, without a specific sensor identified, it cannot be ruled-out that sub-inhibitory
concentrations of tobramycin induce stress response pathways, yielding similar cellular
aggregation outcomes [48].

Responding to subinhibitory concentrations of antibiotics by increasing
exopolysaccharide production is a response to danger also exhibited by Gram-positive
organisms. A recent study demonstrated that the thiocillin antibiotics — a class of peptide
antibiotics produced by members of the Streptomyces and Bacilli — induce exopolysaccharide
production in Bacillus subtilis [49]. The response occurs by an unknown mechanism that does
not require KinD, an established regulator of exopolysaccharide production in B. subtilis. The
authors of this study also elegantly established that the signaling function of thiocillin is
independent of its toxicity; non-toxic versions of the peptides generated by genetically modifying

the biosynthesis locus retained their exopolysaccharide-stimulatory activity.
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In other Gram-positive organisms, sub-inhibitory antibiotics can induce a complex
developmental program that consists of production of multicellular aggregates, spore formation,
and antibiotic synthesis. For example, in Streptomyces coelicolor, the angucycline class of
antibiotics induces production of the antibiotic undecylprodigiosin along with aerial hyphae that
help distribute spores [50]. Angucyclines are synthesized by other Streptomyces species and are
detected in S. coelicolor by a gamma-butyrolactone-like receptor, SCBR2, which in turn directly
regulates the response [50]. A related phenotypic response is induced in S. coelicolor in the
presence of the predatory bacterium Myxococcus xanthus, but the signal and receptor mediating
this effect have not been identified [51]. M. xanthus also induces a range of phenotypic responses
in environmental B. subtilis strains. This can include production of the antibiotic bacillaene or
the formation of spore-filled aggregates, both of which confer protection from predation [51-54].

Many of the above pathways that we have recast as danger sensing pathways were
originally studied in the context of virulence. Bacterial pathogenesis has also been the lens
through which most studies have viewed the response of bacteria to the diverse group of
antimicrobials known as AMPs, no doubt due to the important role these molecules play in
eukaryotic innate immunity. However, AMPs are also synthesized by many species of bacteria.
For example, lantibiotics such as nisin are ribosomally encoded, post-translationally modified
peptide antibiotics that mediate antagonism between Gram-positive organisms [55]. Polymyxin
B and colistin are cationic lipopeptides produced by Bacillus polymyxa that have been widely
adopted for clinical uses [56].

Although diverse in structure, AMPs are commonly cationic, and exert toxicity by
interacting with the negatively charged bacterial cell surface [57]. As a result of this common

mechanism of action, responses to AMPs across bacterial species also share a number of
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common features. In contrast to the pathways that detect specific antibiotics discussed earlier in
this section, the sensors that perceive AMPs are generally more promiscuous [11, 58]. For
example, the aps three-component regulator/sensor system in Staphylococcus spp. is stimulated
by a variety of cationic AMPs, including molecules produced by eukaryotes and others that are
bacterially synthesized [59]. AMP recognition in this system is mediated by an interaction
between the positively charged peptides and an extracellular acidic loop present on the
membrane-associated sensor kinase ApsS [60]. In Gram-negative bacteria, a major player in the
response to AMPs is the PhoPQ TCS introduced above. As in the case of ApsS activation, the
positive charge of AMPs is crucial for stimulating activation through PhoPQ [61]. Bacteria can
also have multiple, partially redundant pathways for detection of AMPs. In P. aeruginosa, for
example, the TCSs PmrAB [62], ParRS [63], and CprRS [64] act along with PhoPQ [30, 65] to
sense and respond to a wide range of AMPs.

AMP-sensing pathways in both Gram-negative and Gram-positive species respond by
inducing modifications to the cell surface that confer enhanced AMP resistance [11]. The PhoPQ
system, for instance, induces the synthesis and incorporation of the positively charged molecule
aminoarabinose into lipid A, as described in the previous section [37]. The resulting loss of
negative charge on the cell surface can then reduce interaction with AMPs. The Aps system in
Staphyloccocus spp. also regulates functions that lead to decreased negative charge on the cell
surface — in this case D-alanyl group addition to cell wall teichoic acids and substitution of
negatively charged lipid phosphatidylglycerol in the cell membrane with the neutral species
lysyl-phosphatidylglycerol [66]. Induction of export systems can also contribute to AMP

resistance, as in the case of VraFG upregulation by the Aps system [59].
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Owing to the fact that sub-inhibitory concentrations of AMPs induce expression of
factors that protect cells from their toxicity, AMP-sensing pathways fall within the danger
sensing framework. Indeed, they have previously been likened to a prokaryotic innate immune
system [11]. Given the prevalence of AMP production by bacteria, we hypothesize that adaptive
resistance pathways evolved primarily in response to bacterial AMPs and later contributed to the
ability of environmental organisms to become opportunistic pathogens. Future experiments are
needed to assess the extent to which AMP-sensing pathways affect fitness during interbacterial
competition.

Responding to signaling molecules produced by other species (‘eavesdropping’). As
described above, direct detection of the effectors of bacterial antagonism is one means by which
bacteria could distinguish friend from foe. Quorum sensing signals are a second class of
molecules with characteristics that make them attractive candidates to serve a PAMP-like
function for bacteria. We use the term “quorum sensing signal” here to refer specifically to
molecules perceived by a receptor that are dedicated to intercellular signaling and lead to
initiation of a regulatory cascade. Most quorum sensing signals are species or even strain-
specific, which makes detection of foreign signals a good proxy for the presence of another
species. Additionally, quorum sensing often regulates the production of antagonistic factors;
foreign signal detection could thus be a means of detecting the presence of a potentially
antagonistic neighbor [67].

A molecule termed diffusible signaling factor (DSF) (cis-2-dodecanoic acid) is a recently
characterized quorum sensing signal produced by Xanthomonas spp., Stenotrophomonas
maltophilia and Burkholderia cenocepacia [68, 69]. Ryan and colleagues demonstrated that P.

aeruginosa detects DSF produced by Stenotrophomonas maltophilia (Figure 1C) using a
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putative sensor kinase that contains a signal binding domain with homology to known DSF
receptors [70]. Upon detection of DSF, P. aeruginosa synthesizes increased quantities of
exopolysaccharides and induces expression of the aminoarabinose membrane modification
pathway that protects against AMPs. Recasting this pathway from the perspective of danger
sensing, DSF is a signal that coincides with the presence of a competitor to stimulate behaviors
that can be considered protective, or defensive.

A second example of interspecies signal detection that we propose can be interpreted as
danger sensing has been described for the bacterium Chromobacterium violaceum [71]. The
acyl-homoserine lactone (acyl-HSL) receptor (LuxR homolog CviR) of this bacterium senses not
only its cognate acyl-HSL, but also related signals produced by other species, including
Burkholderia thailandensis. Both C. violaceum and B. thailandensis regulate production of
antibiotics by quorum sensing. In co-cultures, early activation of the CviR regulon
by B. thailandensis provides increased fitness for C. violaceum through its production of
antibiotics. This ability to mount an antagonistic response to the detection of a signaling
molecule that is used by another species to regulate antibiotic production conforms to our
definition of bacterial danger sensing.

Finally, a number of so-called “orphan” or “solo” acyl-HSL receptors (LuxR homologs)
have been identified that lack a linked quorum sensing signal synthase [72]. While the function
of these proteins remains largely unclear, it has been previously proposed that a subset of orphan
LuxR homologues could function in interspecies signaling [72, 73]. We suggest orphan LuxR
proteins could function in danger sensing pathways by providing a means of recognizing foreign

signals and inducing protective functions, a possibility that remains to be experimentally tested.
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Competence as a response to danger

Competence and competition among closely related organisms. Bacteria possess a
behavior that is altogether different from those described above, but that we argue also
constitutes a response to danger — the uptake of DNA through the process of competence. One
cannot a priori categorize competence as either offensive or defensive, as this designation would
depend on the precise function conferred by the incoming DNA. If this genetic material
promotes DNA repair by serving as a template, competence would be playing a defensive role.
Foreign DNA can also become stably incorporated into the genome of the recipient organism,
resulting in horizontal gene transfer (HGT). If such horizontally exchanged DNA encodes an
immunity determinant to a toxin from a competitor, this would again fulfill a defensive function
and promote survival in the presence of competition. In contrast, competence could be thought of
as offensive if it promotes the acquisition of factors such as toxins that directly counter a threat.
In certain cases, including T6SS- and CDI-associated toxins, horizontal exchange among
divergent bacterial species is almost certainly facilitated by the placement of modular toxin
domains within repetitive flanking sequences [9, 74, 75]. Such regions frequently include
multiple immunity proteins, suggesting that HGT may concomitantly promote expansion of the
immunity repertoire of an organism. Experimental evidence suggests that immunity genes
acquired within these clusters can be expressed and provide protection against cognate incoming
toxins [76]. Below we present a recent example from the literature in which we view the
induction of competence as part of a danger sensing pathway.

Vibrio cholerae and competence. It was recently discovered that V. cholerae
coordinately regulates the production of antagonistic factors with competence in response to

chitin. Here we propose that chitin could be a danger signal that is unlike the cues discussed
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previously in that it does not derive from bacterial competitors, but nonetheless coincides with
their proximity. In the marine environment, Vibrio species preferentially associate with
nutritionally rich microenvironments such as the chitinous surfaces of invertebrates or their
debris [85, 86]. The resulting elevated bacterial density would necessarily lead to an increase in
competition for nutrients and substrate; therefore the presence of chitin may be a cue that
indicates a need for increased antagonism and protective measures. Growth on chitin has long
been known to induce competence in Vibrio cholerae via the tfoX regulator [87]. Recently,
characterization of the full TfoX regulon revealed that additionally, expression of the T6SS is
induced [88]. This led Borgeaud and colleagues to hypothesize that similar to the effect of
bacteriocin production by S. pneumoniae, T6S-dependent lysis of competitors releases DNA that
can be taken up by competence machinery. They went on to demonstrate that expression of T6S
genes enhanced the frequency of natural transformation during co-culture with a susceptible
competitor.

The coordination of antagonism with competence could facilitate the exchange of genes
encoding either toxins that mediate competition or immunity determinants that protect from
antagonism. Consistent with this hypothesis, T6S-associated effector gene clusters vary among
Vibrio cholerae strains, whereas the T6SS apparatus is conserved [75]. The variability of T6S-
associated gene clusters is observed in a wide range of organisms [89]. It will therefore be
interesting to investigate whether toxin or immunity acquisition occurs more rapidly in

organisms that are naturally competent and coordinate this property with a lysis pathway.

Subjects for future study
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Here we have reexamined existing literature from the perspective of a danger sensing
hypothesis. We find evidence of pathways that function to sense microbial threats and coordinate
responses in a range of bacteria, from professional and opportunistic pathogens (e.g. V. cholerae,
S. enterica, P. aeruginosa) to purely environmental organisms (e.g. S. coelicolor, B. subtilis).
Based on the apparent prevalence of danger sensing pathways, we predict that targeted
investigations will reveal that the capacity for danger sensing is a widespread and integral part of
bacterial physiology.

Many of the danger response regulons described in this review are replete with
hypothetical genes and genes of unknown function. This may not be happenstance, but rather a
result of the tendency to study bacteria in monoculture or through the lens of pathogenesis. The
components of danger response regulons are necessarily factors that function in genetically
heterogenous populations and thus may have been systematically overlooked or their
evolutionary underpinnings obscured in both of these settings. For example, the Gac/Rsm
pathway was interpreted as a quorum-like system owing to the observation that in monoculture
this pathway responds to self-derived signals. However, the recent investigation of the pathway
in the presence of competing bacteria offers an alternative explanation for its sensitivity to self-
derived cues and provides a physiological context in which to define the function of factors
under RsmA control. We suggest that interrogating the components of danger response regulons
within mixed communities that more accurately recapitulate the natural setting in which they
operate could be a productive approach to reducing the number of currently uncharacterized

proteins.
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Abbreviations

AMP — antimicrobial peptide

CDI — contact dependent inhibition

DAMP — damage associated molecular pattern
DSF — diffusible signal factor

eDNA — extracellular DNA

HGT — horizontal gene transfer

LPS — lipopolysaccharide

PAMP — pathogen associated molecular pattern
PRR — pattern recognition receptor

SRNA —small RNA

T6SS — type VI secretion system

TCS — Two component system
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Glossary

Contact dependent inhibition (CDI) — A two-component toxin delivery pathway that mediates
competition between closely related bacteria.

Chitin — An N-acetylglucosamine polymer that makes up the exoskeleton of many invertebrates,
including choanoflagellates, insects, and the cell walls of fungi.

Competence — The ability of a cell to take up extracellular DNA.

CRISPR/CAS (Clustered regularly interspaced short palindromic repeats/CRISPR associated
protein) — A form of adaptive immunity that inactivates and remembers foreign DNA from
viruses or plasmids.

Quorum sensing — A signaling system by which bacteria monitor cell density to coordinate
behavior.

Horizontal gene transfer (HGT) — Incorporation of genes into the genome by a mechanism other
than reproduction (vertical gene transfer).

Natural transformation — The transfer of exogenous genetic material into a cell.

Two component system — A class of signal transduction pathways consisting of a sensor kinase,
that senses environmental cues, and a cognate response regulator, that coordinates a response.
Type VI secretion system — A bacterial contact-dependent toxin delivery pathway that most

commonly mediates interbacterial antagonism, but can also influence host cell interactions.
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Figure legend

Figure 1: Examples of danger sensing pathways. Danger sensing can be broken into three
components: (1) one or more danger cues; (2) a danger sensing signal transduction mechanism;
and (3) a danger response regulon.

(a) Gac/Rsm-mediated response to cell lysis. (1) A competitor (blue) lyses a subset of P.
aeruginosa cells (green), e.g. through production of a toxin (red circle). (2) Left: The Gac/Rsm
danger sensing signal transduction pathway in the inactive state. Right: A mislocalized self-
derived molecule from lysed P. aeruginosa (green circles) stimulates this pathway to relieve
negative regulation of danger response factors. (3) The outcome of danger sensing is the
increased production of factors (brown circles) that target competitor cells and defend against
antagonism.

(b) PhoPQ-mediated response to DNA and AMPs. (1) Competitor cells (blue) produce AMPs
that damage cell membranes of target cells (green), which may lead to cell lysis and DNA
release. (2) Left panel: eDNA from lysed cells chelates cations, reducing the local Mg®* (black
circles) concentration; additionally AMPs themselves can be sensed. Middle: Low Mg®*
concentrations and/or AMPs stimulate PhoPQ. Right panel: The PhoPQ regulon mediates outer
membrane modifications that reduce its negative charge. (3) Resulting membrane alterations
protect cells from assault by AMPs.

(c) Diffusible signal factor (DSF) “eavesdropping”. (1) The quorum sensing signal, DSF, is
produced by S. maltophilia (blue) and sensed by P. aeruginosa (green). (2) Left: A putative

sensor kinase (PA1396) in its inactive state. Middle: PA1396 detects DSF and stimulates its
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regulon. Right: Gene expression leads to outer membrane modifications and increased
production of exopolysaccharides. (3) This cellular program may promote survival of P.

aeruginosa in the presence of S. maltophilia.
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(a) Gac/Rsm-mediated response to kin cell lysis

(b) PhoPQ-mediated response to DNA, AMPs
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Highlights

Bacteria can sense and respond to exogenous molecules associated with danger.
Danger signals can be damage-associated molecules derived from kin cells.
Various pathways transduce danger signals to launch protective cellular responses.
The response to danger may consist of offensive and/or defensive factors.
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