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Abstract

Antibiotics are classically perceived as biological weapons that bacteria produce to hold their ground against
competing species in their natural habitat. But in the context of multicellular differentiation processes, antimicrobial
compounds sometimes also play a role in intraspecies competition, resulting in the death of a sub-population of
genetically identical siblings for the benefit of the population. Such a strategy is based on the diversification and
hence phenotypic heterogeneity of an isogenic bacterial population. This review article will address three such
phenomena. InBacillus subtilis, cannibalism is adifferentiation strategy that enhancesbiofilm formation, prolongsor
potentially even prevents full commitment to endospore formation under starvation conditions, and protects cells
within the biofilm against competing species. The nutrients released by lysed cells can be used by the toxin
producers, thereby delaying the full activation of themaster regulator of sporulation. A related strategy is associated
with the initiation of competence development under nutrient excess in Streptococcus pneumoniae. This process,
termed fratricide, causes allolysis in a sub-population and is thought to enhance genetic diversitywithin the species.
InMyxococcus xanthus, a large fraction of the population undergoes programmed cell death during the formation of
fruitingbodies. This sacrifice ensures thesurvival of thesporulatingsub-populationbyprovidingnutrients andhence
energy to complete this differentiation process. The biological relevance and underlying regulatory mechanisms of
these three processes will be discussed in order to extract common features of such strategies. Moreover, open
questions and future challenges will be addressed.

© 2019 Published by Elsevier Ltd.
Introduction

In their natural habitat, bacteria constantly fight for
their survival in the face of growth-limiting resources
and competition with rivaling species occupying the
same ecological niche. One aspect of this biological
warfare is the production of antibiotics, secondary
metabolites aimed at suppressing the growth or even
killing competing microorganisms [1–4]. Not surpris-
ingly, bacteria have developed numerousmechanisms
to sense threatening compounds and respond appro-
priately. Upon stimulus perception, signal transduction
systems usually induce gene expression to initiate
defense mechanisms, thus ensuring survival [5–8].
Production of and defense against antibiotics are
therefore crucial elements of the biological repertoire
that bacteria rely on to establish and defend them-
selves in their territory [9]. But this relatively narrow
perspective precludes a number of additional and
important properties of antibiotics: There is increasing
ed by Elsevier Ltd.
evidence that at sub-lethal concentrations, antibiotics
play an important role as signaling molecules, for
example, to induce and coordinate differentiation
programs in bacterial communities. In addition, some
antimicrobial compounds do not exclusively target
hostile competitors but are instead also—sometimes
even preferentially—active against the producer
species itself and closely related bacteria [10–16].
What could be the biological relevance of producing

such self-threatening toxins and how do bacteria
control their lethal activity to avoid eradicating them-
selves? The best-understood examples of antimicrobi-
al compounds that act against the producing organism
itself are so-called toxin–antitoxin (TA) systems. TA
systemswere first identified on plasmids and described
as “addictionmodules” to ensure plasmidmaintenance
(reviewed, e.g., in Ref. [17]). Later, such systems were
also found on numerous bacterial chromosomes and
being responsible for bacterial programmed cell death
(PCD) in the context of population traits. The mazEF
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system of Escherichia coli is particularly well studied.
This stress-induced “suicide module” triggers PCD to
eradicate damaged cells and ultimately ensure the
survival of the population in the presence of diverse
stress conditions (reviewed in Refs. [18,19]). TA
systems are widespread in gram-negative and gram-
positive bacteria and, for example, play an important
role in the context of biofilm formation in Staphylococ-
cus aureus (reviewed in Refs. [20,21]). Irrespective of
the exact nature of the toxin, the overall logic of how
suchTAsystemswork is comparably similar: the genes
encoding the toxin and the antitoxin are normally
encoded in an operon and constantly expressed under
normal growth conditions. While the toxin is a stable
gene product, the antitoxin is not. This causes no harm
to the cell as long as constant expression of the operon
ensures resupply of the antitoxin: the cells survive. But
as soon as the expression of the operon or translation
of its mRNA comes to a halt, for example, in response
to stress conditions, the difference in protein stability
causes an increasing imbalance between the stable
toxin and the vanishing antitoxin, ultimately unleashing
the lethal activity of the toxin, resulting in PCD.
TAsystem-mediatedPCDhas already been covered

by a number of excellent and recent reviews (see
citations above) and shall therefore not be considered
further for this review. Instead, we will exclusively focus
on three different phenomena that are associated with
multicellular differentiation. (i) At the onset of stationary
phase, a sub-population of the gram-positive model
organism Bacillus subtilis produces cannibalism toxins
that kill the non-producing sub-fraction to feed on them
and hence delay the commitment for sporulation [22].
(ii) During competence development of Streptococcus
pneumoniae, pneumococci induce the production
of peptide antibiotics, specifically targeting non-
competent siblings to enhance the genetic diversity
throughout the population in a process termed fratricide
[23]. (iii) In Myxococcus xanthus, almost the entire
population undergoes PCD during fruiting body forma-
tion. An extensive “altruistic autolysis” of vegetative
cells ensures the survival of a small sub-population to
complete their process of sporulation [24,25].
In this review, we will summarize and compare these

three processes with respect to their physiological
relevance and the underlying regulation in both the
producer and the susceptible sub-populations. We will
also point out unaddressed and open questions in this
field to highlight future research directions.

Coordinated Cell Death and the Role of Phenotypic
Heterogeneity

The physiological relevance of such unusual pro-
cesses can only be understood in the context of
bacterial multicellularity and phenotypic heterogeneity:
This phenomenon describes the separation of an
isogenic population into phenotypically distinguishable
sub-populations, each of which is characterized by a
specific gene expression profile [26,27]. These diver-
sification processes are common for multicellular traits
such as bacterial biofilms [28,29].
Discussing the underlying principles that cause

phenotypic heterogeneity goes beyond the scope of
this review, and readers are referred to a number of
excellent articles on this topic [30–35]. But with regard
to its physiological relevance, two distinct evolutionary
strategies are generally accepted as biological benefits
that ultimately select for phenotypically heterogeneous
traits in a population; division-of-labor or bet-hedging.
In the case of division-of-labor, a beneficial com-

pound (e.g., a secretedmolecule) is produced only by a
small part of the population. By making this common
good available to the entire population, this reduces
the overall production costs without abandoning
the advantages. An example of this strategy is the
allocation of the chelating agent pyoverdine by a
sub-population of Pseudomonas putida [36].
Bet-hedging describes a population strategy that

aims at minimizing the risks of extinction in fluctuat-
ing environments. By splitting the population into
sub-populations, each following its own survival
strategy, chances are maximized that at least one
sub-population will be adequately adapted to any
given change in an uncertain future. This strategy
deliberately takes a partial extinction of the popula-
tion into account, to ensure survival of the species.
The different cell types that emerge for B. subtilis
during stationary phase adaption represent one of
the best-investigated examples of such a strategy.
In light of these definitions, all three cases of

coordinated cell death—cannibalism, fratricide, and
altruistic autolysis—could be viewed as extreme
examples of division-of-labor, in which the providing
sub-population is sacrificed for the benefits of the
receiving sub-population.

Cannibalism in B. subtilis

Upon starvation, the gram-positive model organism
B. subtilis initiates a complex differentiation program to
adjust and prepare the population to deteriorating
growth conditions in fluctuating environments. This bet-
hedging strategy leads to the diversification into distinct
sub-populations of specialized cell types that try to
extract different types of nutrients from the environment
[37–39]. The underlying differentiation process is
orchestrated in response to numerous extra- and
intracellular cues by a complex regulatory network
that serves as a check-and-balance systems tomonitor
the energy level of the cell [40,41]. Ultimately, when
faced with severe nutrient limitation for prolonged
times, this network activates Spo0A, the master
regulator of sporulation, biofilm formation, and also
cannibalism [37–39]. This activation is a gradual
process that is determined by increasing the active,
that is, phosphorylated fraction of this key regulator,
Spo0A-P [42]. Of the approx. 120 genes that are
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controlled bySpo0A, those involved in biofilm formation
and cannibalism toxin production harbor high-affinity
Spo0A binding sites that only require low levels of
Spo0A-P, while genes that are directly involved in the
process of spore formation, such as spo0IIG or spoIIA,
depend on high Spo0A-P levels. [43,44]. Once the
latter are induced, B. subtilis will ultimately form
dormant endospores that are highly resistant and
can outlast harsh environmental conditions virtually
“forever” [45–47].
In fluctuating environments, where nutrient supply is

unpredictable, a premature decision to sporulation
could become a fatal dead end trap. The sporulation
process is energy demanding, needs several hours for
completion, and is at a certain stage irreversible.
Continuing to form dormant spores under improving
nutrient conditions, with surrounding competitors di-
rectly resuming vegetative growth, could easily lead to
outgrowth of the spore formers [48]. Asa consequence,
sporulation is rather considered as a strategy of last
resort andB. subtilis delays full commitment as long as
possible via pursuing a number of alternative differen-
tiation processes [37,49].
One of the last delay strategies is called cannibal-

ism, during which one sub-population of B. subtilis,
the “cannibals,” produce peptide toxins and the
corresponding resistance mechanisms. In contrast,
Fig. 1. Concept of cannibalism inB. subtilis. Upon nutrient limita
activity of themaster regulator Spo0A (1). At increasing levels of S
toxins loci skf and sdp is initiated, together with yyd (2). Themachin
co-transcribed for each AMP. The susceptible Spo0A-OFF sub-po
cannibalism toxins and is solely capable to respond via launchin
activates theBce andPsd TCSand triggers theσW regulon (openi
TCS. Spo0A-ON cells ultimately feed on the nutrients released b
of prolonged nutrient limiting conditions and exceeding Spo0A lev
T-bars, inhibition; CM, cytoplasmic membrane.
the non-producers, which lack this auto-immunity, are
killed through lysis. As a result, nutrients are released
on which the toxin-producing cannibals can feast on
and pursue vegetative growth. The phenomenon was
initially identified through the discovery of two early
and low Spo0A-P level-dependent genes that are
highly expressed at onset of stationary phase. These
were then shown to encode the sporulation delaying
protein (SDP) and the sporulation killing factor (SKF)
[22] (Fig. 1). When nutrients become limiting,
B. subtilis divides into sub-populations, distinguish-
able by the broadly heterogeneous distribution of
Spo0A-P levels [50,51]. Those cells first reaching a
critical, yet low, Spo0A-P level (referred to as Spo0A-
ON from now on and in Fig. 1) then activate the
cannibalism toxins loci skfABCDEFG and sdpABCRI
among other earliest sporulation genes.
The eight genes comprising the skf operon are co-

transcribed as one 6.1-kb mRNA and encode a typical
antimicrobial peptide (AMP) locus [52] (Fig. 1). The first
gene, skfA, encodes the 56-amino acid long pro-AMP,
which is post-translationally modified by SkfB, a radical
S-adenosyl-methionine enzyme [53,54]. The resulting
pre-SkfA is further processed to its active state by the
putative thioredoxin oxidoreductase SkfH [55]. The
putative transmembrane protein SkfC is predicted to be
involved in the circulation process, prior or during the
tion,B. subtilisdivides into two sub-population differing in their
po0A-P (“Spo0A-ON” cells), the production of the cannibalism
ery for modification, processing and autoimmunity (black) are
pulation lacks any necessary immunity proteins specific to the
g a general CESR (red, 3). The presence of SkfA and SdpC
ng curly bracket). TheYydF peptide is perceived by the LiaRS
y their siblings to maintain low levels of Spo0A (4). In case
els, cells eventually commit to the process of spore formation.
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transport across the cytoplasmic membrane. SkfA
export is presumably mediated by the ABC-
transporter SkfEF, which also provides immunity
against the mature SKF toxin [22]. The physiological
role of SkfG awaits future clarification. Regulation of
the skf locus is directly dependent on low Spo0A-P
levels, since the skf promoter exhibits high affinity for
the master regulator [43].
The initial observation of an accelerated sporulation

in an skf mutant strain leads to the hypothesis that
production of the SKF toxin serves as a mechanism to
delay sporulation. This was supported by co-cultivation
experiments using an skf knockout strain and the
wild type, demonstrating that a loss of skf leads to a
decrease in cell count at the onset of stationary phase
and that spore formation was increased 10-fold
compared to the wild type [22].
In contrast to directly controlling skf expression,

Spo0A only plays an indirect role for regulating the
sdp locus. During vegetative growth, the global
transition-state regulator AbrB represses sdp activ-
ity. But with the transition to stationary phase, the
abrB gene itself is repressed by increasing Spo0A-P
levels, ultimately leading to the depletion of the AbrB
protein, thus allowing sdp expression [56]. Upon
transcription of the sdpABC operon, the toxin SdpC
is post-translationally modified by SdpAB to its active
63 amino acid long form. In addition to its function as
a cannibalism toxin, SdpC also acts as a signaling
molecule that induces the expression of the cognate
autoimmunity gene spdI and its repressor gene
sdpR. An autoregulatory feedback loop then ensures
that Spo0A-ON cells that produce the toxin are also
protected from its damaging activity: SdpC serves as
ligand that binds SdpI, thereby causing a conforma-
tional change in the latter that titrates and thereby
inactivates the autorepressor SpdR. This results in
an increased production of SdpI and SdpR. As long
as free SdpC toxin prevails in the extracellular
space, this feedback loop remains intact. SdpI
binds SdpC and subsequently sequesters SdpR.
But as soon as the toxin concentration decreases,
free SdpR repressor starts accumulating in the cell
and finally shuts down sdpIR expression. Spo0A-
OFF cells do not induce SdpC production and hence
are susceptible to the toxin [56,57]. A detailed study
on the mode-of-action of SdpC has revealed that this
cationic AMP collapses the proton motive force and
induces autolysis in B. subtilis [58].
While the term “cannibalism” emphasizes the action

of both toxins against B. subtilis itself, a number of
studies indicate a more versatile physiological role of
the cannibalism toxins. Lamsa et al. [58] demonstrat-
ed that SDP inhibits the growth of a variety of
Firmicutes bacteria, including different Bacillus spp.
and Staphylococcus epidermidis. Competition exper-
iments between differentiating biofilms of B. subtilis
and Bacillus simplex demonstrated that the cannibal-
ism toxins of B. subtilis—together and cooperatively
with surfactin—inhibit the growth and biofilm formation
ofB. simplex at concentrations that are tolerated byB.
subtilis biofilms [59]. These findings are in line with a
previous report demonstrating an important role of
cannibalism in biofilmdevelopment forB. subtilis itself.
Indeed, thematrix-producing subpopulation within the
biofilm is identical to the cannibals, and both traits are
simultaneously triggered by surfactin [39] in good
agreement with the above study. SDP and SKF
therefore seem to play multiple roles in both intra- and
interspecies competition, with the ultimate goal to
ensure survival of B. subtilis population in biofilm
communities.
Cannibalism toxins have also been shown to

trigger the cell envelope stress response (CESR) in
B. subtilis [60]. Maintenance of envelope integrity is
orchestrated by the two-component systems BceRS,
PsdRS, and LiaRS, and extracytoplasmic function
sigma factors [61] (Fig. 1). It is attractive to postulate
that especially in the Spo0A-OFF sub-population,
which fails to produce any of the SKF- or SDP-
specific immunity proteins, the envelope stress caused
by the action of these cannibalism toxins results in
launching a general CESR when faced with these
toxins. Planctonic cultures indeed intrinsically activate
the BceR- and PsdR-dependent target promoters at
the onset of stationary phase. This induction depends
on the presence of both cannibalism toxins. However,
the physiological significance of launching the general
CESR remains to be discovered, since none of the
systems provide any detectable resistance against
cannibalism toxins [60].
In addition to the known cannibalism toxins, B.

subtilis also produces other AMPs, including the
YydF peptide (Fig. 1). The yyd locus was initially
identified in a transposon mutagenesis study, aimed
at identifying genes that intrinsically activate LiaR-
dependent gene expression [62]. Mutants carrying
different transposon insertions in the yydIJ genes,
encoding an ABC transporter, showed elevated PliaI
promoter activity. The liaI gene is co-transcribed with
liaH and reassembles the only target of the LiaR
response regulator in B. subtilis [63,64]. Recently,
the biosynthesis and antimicrobial activity of YydF
have been demonstrated [65]. Ongoing follow-up
investigations in our laboratory on the mode-of-
action of YydF verified that this AMP indeed triggers
the Lia system both intrinsically in stationary phase
and when externally applied.
Taken together, B. subtilis initiates an Spo0A-

dependent differentiation program upon starvation
that leads to a bifurcation of the population. While the
Spo0A-ONsub-population produces theSKFandSDP
cannibalism toxins, the Spo0A-OFF cells serves as a
sacrifice that is lysed, thereby releasing nutrients that
can delay the commitment to sporulation in the toxin-
producing Spo0A-ON sub-population. The susceptible
Spo0A-OFFcells launchageneralCESR thatmayplay
a role in preventing cell lysis. While very attractive, this
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hypothesis still awaits verification, particularly at single
cell level, as discussed at the end of this review.

Fratricide in S. pneumoniae

S. pneumoniae is not only the causative agent of
pneumonia but also an important model organism in
bacterial genetics. In his famous experiments, Griffith
[66] demonstrated in 1928 that the ability to synthesis a
capsule and hence become virulent can be transferred
from heat-inactivated “smooth” strains to living but
avirulent “rough” strains of S. pneumoniae. This initial
observation was then taken up and painstakingly
expanded by Avery et al. [67], who ultimately demon-
strated for the very first time that DNA (and not proteins
or lipids) is the “transforming principle.” These hallmark
studies not only paved theway for identifying the crucial
role of DNA in heredity but also identified the process of
transformation, that is, the uptake of free DNA from the
environment. S. pneumoniae is therefore the first of an
ever-increasing number of bacteria that can become
naturally competent for genetic transformation. Fratri-
cide is initiated along with the development of natural
competence: non-competent siblings are challenged
with killing factors that ultimately lead to allolysis, cell
death through cell-lysis either directly or in trans (Fig. 2)
[68,69].
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S. pneumoniae enters the competent state under
favorable growth conditions during exponential
growth, in a process that is governed by quorum
sensing [16,70,71]. The rapid increase in cell density
leads to an extracellular accumulation of the quorum
sensing signal, the competence-stimulating peptide
(CSP). Once it exceeds a threshold concentration, it
activates the ComD histidine kinase, leading to its
autophosphorylation. Upon phospho-transfer, its cog-
nate response regulator, ComE, becomes activated
and regulates about 20 early competence (com) genes
[70,72,73]. Among these are two identical copies of
comX, which encode alternative sigma factors that
activate the transcription of the late com genes [74]
(Fig. 2). In total, the CSP-responsive regulon in S.
pneumoniae comprises about 120 genes, ofwhich only
22 are necessary for developing natural competence
[23,75,76]. This suggests that the majority of the com
system is involved in additional cellular processes
beyond the machinery required for DNA uptake and
recombination [16].
Fratricide is expressed both in a ComX-dependent

and -independent manner. The ComX-dependent
genes encode the murein hydrolases CbpD, the
autolysin LytA as well as the two peptide bacteriocin
CibAB [23,68,77]. In addition, the non-CSP-regulated
lysozyme LytC is suggested to contribute to fratricide
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[78] (Fig. 2). Experimentally, fratricide is monitored in
liquid culture based on the release of chromosomal
DNA and cytoplasmic β-galactosidase, as well as the
ability for clumping [79–81]. Clumping was already
observed more than four decades ago under mild
acidic conditions and linked to competence develop-
ment. Later, it was demonstrated that this behavior
relies on the release of chromosomal DNA [23,82].
Fratricide is also detectable on solid blood agar plates,
where lysis can be followed by the release of
pneumolysin, a cytolytic virulence factor [68].
The contribution and impact of the individual fratricide

toxins depends on the assay applied [16]. CbpD plays
only a minor role in fratricide development on plates,
but abolishes the effect of clumping and has a strong
effect on DNA and β-galactosidase release in liquid
cultures [23,68,77]. The opposite effects are observed
for CibAB, since inactivation leads to the loss of
pneumolysin releaseonplates,while clumping remains
un-effected [23,68]. In contrast, both lytic enzymes,
LytA and LytC, are absolutely required, since inactiva-
tion results in a strong and assay-independent reduc-
tion of fratricide.
The lysis of non-competent cells by the competent

cells is termed allolysis and requires cell-to-cell contact
[68]. In the absence of the lytic enzymes, CibAB cannot
provoke allolysis alone, suggesting that CibAB only
supports cell lysis by inserting into the membrane of
non-competent siblings and de-energizing them, there-
by increasing their susceptibility toward lysis [16,23,68].
CibAB is co-transcribedwith a putative transmembrane
protein, CibC, which is implicated in CibAB immunity,
since its inactivation increases susceptibility to allolysis
[68]. Protection against self-lysis of the competent sub-
population is ensured by ComM, a CSP-responsive
early com gene [23] (Fig. 2). Overexpression of ComM
results in growth inhibition and severe morphological
defects. During competence, accumulation of ComM is
prevented through its processing—and hence inacti-
vation—by an intra-membrane protease [83]. But the
mechanism of how this membrane protein confers
resistance is still unknown.
The physiological role of fratricide is still not fully

understood. It seems to play a role in enhancing the
genetic diversity throughout the population by provid-
ing extracellular DNA for uptake. By the targeted
elimination of non-competent cells, the exchange of
genetic material could be promoted [23]. Fratricide
seems to be particularly important for efficient gene
transfer between pneumococci in biofilms, where it is
important for the active acquisition of homologous
donor DNA under natural conditions [84]. An antibiotic
resistance marker was transferred much more effi-
ciently from neighboring cells than from the growth
medium. Under biofilm conditions, efficient lysis of
target cells requires CbpD and LytC, while the major
autolysin LytA does not seem to be important
for fratricide in the biofilm environment [84].
Another hypothesis along those lines suggests that
S. pneumoniae triggers fratricide in order to release
potential cytoplasmic virulence factors and inflamma-
torymediators from the non-competent cells, as part of
the infection process within the host [16,23].

PCD in M. xanthus

M. xanthus is a soil-dwelling gram-negative δ-
proteobacterium with a very unusual life style [85]. It
is a social predator that hunts in swarming packs and
feeds on the lysed remains of other bacteria and fungi
serving as prey [86–88]. These joint attacks are
coordinated at the population level and require efficient
contact-dependent cell-to-cell communication [89].
When faced with nutrient-limiting conditions, M.
xanthus cells aggregate and ultimately develop into
fruiting bodies. These beautifully shaped, mushroom-
like multicellular structures are a prerequisite for
forming reproductive myxospores [90]. All of these
different behaviors are embedded in a complex
regulatory network that orchestrates this spatio-
temporal developmental program through strictly coor-
dinated cascades of gene expression [87,91].
Fruiting body formation requires a solid surface to

allow motility and reaching a critical threshold of
population density to initiate the cascade of inter- and
intra-signaling [87,92]. As a result of this regulation,
approximately 80% of the vegetative, non-sporulating
cells altruistically initiate PCD during this stage in the
life cycle [93]. This type of profound self-commitment
carried out by such a large portion of the population is
tightly regulated and only pursued upon successfully
passing multiple checkpoints [87,89].
Two different events trigger the earliest stages of

Myxococcus fruiting body formation: nutrient depletion
and high cell density. In bacteria, cell density-
dependent processes are usually coordinated through
quorum sensing signals, such as signaling peptides
(common in gram-positive bacteria) or homoserine-
lactones (the typical gram-negative quorum sensing
molecules). These signaling molecules are produced
and secreted by all cells of the population and thereby
accumulate in themediumof a growing population until
a critical threshold concentration is reached. This will
then be perceived by suitable sensor proteins and
transduced to the inside to initiate gene expression
programs, often resulting in a synchronization of gene
expression patterns between the cells of a bacterial
population. In the case of Myxococcus development,
the chemical nature of the quorum-sensing-like mole-
cule, termed A-signal, that initiates the differentiation
process is unknown. Its production depends on the
asgA, asgB, and asgC gene loci [94,95], which encode
regulatory functions (summarized in Ref. [96]). These
depend on the stringent response. The latter is initiated
upon amino acid starvation and perceived based on
the occurrence of uncharged tRNAs during translation.
In response, the ribosome-associated protein RelA
mediates the formation of the second messenger
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guanosine tetra- (and penta-) phosphate ((p)ppGpp),
an “alarmone” that in response activates amino acid
biosynthesis and reduces rRNA and tRNA synthesis.
In Myxococcus, these two events, nutrient depletion
and high cell density, trigger the early stages of fruiting
body formation (Fig. 3) [96]. The intracellular response
is mediated by the sensor histidine kinase SasS
[89,97,98]. A-signaling, together with accumulation of
(p)ppGpp leads to transcription of FruA [99,100]. This
master regulator then induces the contact-dependent
C-signaling pathway (Fig. 3), which requires a proc-
essed product of the csgA gene, termed p17 [89]. This
C-signal is an outer membrane-attached protein facing
the extracellular space that is recognized by a yet
unidentified p17-receptor. Thus, transmission and
coordination requires direct cell-to-cell contact [101].
Upon close contact, activated FruA cells proceed on
the path toward sporulation via activating the dev
operon and regulate aggregation by targeting the frz
locus [102–108].
A fruiting body consists of about 105 cells, but only

about 10% of the population undergoes the process of
sporulation under laboratory conditions [92]. A small
part of the population remains outside the complex
and is referred to as peripheral rods. This specialized
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Fig. 3. Concept of PCD inM. xanthus. Nutrient limitation trigge
cues are integrated by the A- and C-signaling pathways (hexagon
kinase SasS (red), which—in combination with accumulated (p)
sub-population is dedicated to aggregation and ultimately spore fo
operon and the frz locus, respectively. A large proportion of cell
nutrients for the sporulating sub-population (3). Autolysis of the sac
accumulation of autocides (see text for details). Outside of the frui
over the role of persister cells (4). CM, cytoplasmic membrane.
cell type is well adapted for nutrient-limiting conditions
and resembles persistent cells [109–111]. Develop-
ment of peripheral rods could be explained by either
the lack of C-signaling through insufficient cell-to-cell
contact or an insufficient accumulation of the tran-
scriptional regulators required for activation of FruA
[106,112]. Remarkably, the vastmajority of cells within
the fruiting body initiate PCD [93]. This sacrifice is
thought to be dedicated to the spore-forming sub-
population to provide sufficient resources for complet-
ing their differentiation program under conditions of
severe nutrient limitations [87].
To date, two strategies are proposed addressing the

mechanism of PCD. On the one hand, production of
autocides, a composition of fatty acids and phospha-
tidyl ethanolamines, leads to destabilization of the cell
membrane ultimately causing cell lysis [113,114]. The
second strategy comprises MazF and MrpC (Fig. 3)
[93,115], a typical TA system as described at the
beginning of this review. During vegetative growth,
MazF–MrpC are negatively regulated via a cascade of
protein kinases, which comprise Pkn8 and Pkn14
[115]. Transition to fruiting body formation leads to
modification of MrpC by the ATP-dependent protease
LonD,which liberatesMrpC from the repression by the
ting 
dy

NA 
rence

lysis

F independent
echanism

(p)ppGpp - levels

A-signal

RR

csgA
A

Fruiting 
bodyfruA

A

FruA*
frz locus

dev locus

Sporulation

Uptake

f 
ents

2

3

rs fruiting body formation inM. xanthus (1). The environmental
s). The cellular response is mediated by the sensor histidine
ppGpp levels—activates the master regulator FruA (2). This
rmation, a process controlled by the gene products of the dev
s within the fruiting body commit PCD and thereby releases
rificed cells is mediated by the TA systemMazF–MrpC or the
ting bodies, peripheral rods fail to induce C-signaling and take



4663Review: Coordinated cell death in bacterial populations
Pkn8–Pkn14 cascade [115,116]. Finally, MrpC regu-
lates MazF production. This endonuclease causes
severe cleavage of cellular mRNAs, thereby poten-
tially triggering autolysis via the induction of multiple
autolytic enzymes [115] (Fig. 3).
Theconcept of sacrificing a significant percentageof

the population to allow a subpopulation to complete
sporulation has also been described for streptomy-
cetes. During their differentiation cycle, these filamen-
tous gram-positive bacteria switch their growth and life
style from a primary, substrate mycelium, which
displays primary metabolism to a secondary, aerial
mycelium that switches to secondary metabolism.
Ultimately, the terminal so-called sporogenic cells will
be transformed into large chains of spores in a
complex differentiation process [117,118]. In the
course of this process, the mycelium undergoes two
waves of PCD: The first affects certain hyphae
segments of the substrate mycelium. Later in the
process, the innermost part of the aerial mycelium
suffers a second round of PCD, which is thought to
provide the uppermost, sporogenic cells with enough
nutrients to finish the process of sporulation [119,120].
Coordinated Cell Death: Altruistic Suicide
or Social Killing?

Bacteria are constantly faced with changes of
abiotic as well as biotic factors in their environment.
Appropriate responses allow them to actively partic-
ipate in, adjust, and also contribute to their habitat.
Antibiotics are but one example of such an exchange
between a cell and its surrounding. While antibiotics
are produced by bacteria to outlast the “chemical
warfare” with competitors, some antimicrobial com-
pounds show a surprisingly narrow specificity and
seem to be particularly active against the producing
species themselves. Here, we have addressed this
phenomenon by focusing on compounds involved in
developmental processes that could be regarded as
“social killing”: antimicrobial compounds that are
produced by one sub-population to kill another sub-
population with the ultimate goal of generating a
benefit for the whole population.
In B. subtilis cannibalism, the two corresponding

toxins, SDPandSKF, are proposed to ultimately delay
the committing and hence irreversible process of
sporulation. The advantageof this sacrifice of one sub-
population is that it extends the time that the starving
population can remain in a “transition state,” which
enables the cells to still respond to their environment,
for example, in case that nutrients do become
available after a period of famine. This logic is in line
with viewing sporulation as a strategy of last resort that
a population only embarks on, if all else—including
killing some of their siblings—fails [37,49].
Such a delay is physiologically highly relevant, since

the process of endospore formation is time- and
energy-consuming, and might turn into a selective
disadvantage against other microorganisms compet-
ing for the sameecological niche, in case that nutrients
become available again. Once committed, sporulation
proceeds irrespectiveof environmental changes, even
if those would be beneficial for vegetative cells. As a
consequence, sporulating cells would suddenly find
themselves surrounded by growing and dividing
competitors that feast on external nutrients and
ultimately outgrow B. subtilis. In light of this threat,
production of SDP and SKF could provide an internal
source of nutrients that ensures thatB. subtilis remains
responsive to its environment for a longer period of
time.
But the tight link between cannibalism and biofilm

formation suggests another, more subtle role of
cannibalism: SDP and SKF might provide B. subtilis
populations with a mechanism to identify “kin” cells
that contribute to the extracellular matrix and
discriminate them from and thereby also simulta-
neously removing non-producing cheaters that
would otherwise benefit from this public good without
contributing to it (discussed recently in Ref. [121]).
The cannibalism toxins would therefore have a dual
role as both signals of kin discrimination (input) and
also effectors by eliminating non-resistant, non-
producing cheaters within a biofilm (output). In
addition, the observed activity of cannibalism toxins
against other Firmicutes species indicates that SDP
and SKF might also function as “ordinary” AMPs that
suppress the growth of competitors and protect the
biofilm community. Clearly, we have just begun to
grasp the complexity of the cannibalism strategy
(see next section for open questions).
With regard to the two major strategies the underlay

phenotypic heterogeneity [34,35], cannibalism seems
to best represent an extreme case of division-of-labor
(as stated above), since the Spo0A-OFF cells are
sacrificed and seem to only play a role as a source of
nutrients for theSpo0A-ON fraction. It is not possible to
envision any circumstances for Spo0A-OFF cells that
would provide them with a selective advantage over
Spo0A-ON cells. Hence, the prerequisites for bet-
hedging do not seem to be fulfilled [35].
In contrast, PCD of M. xanthus in the course of

fruiting body development has been evidently demon-
strated [25] and its physiological role seems to be
clear: the death of a majority of cells within fruiting
bodies provides those cells undergoing sporulation
with enough energy to complete the process. This
sacrifice is therefore necessary to ensure survival of
the population during starvation [90]. And the same
interpretation seems to hold true for the comparable
PCD during sporulation in streptomycetes. While both
types of PCD and cannibalism are all associated with
sporulation during stationary phase upon severe
nutrient limitation, the latter seems to have little else
in common with the PCD of myxobacteria and
streptomycetes.
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The physiological role of fratricide differs in many
respects from both of these two phenomena.
Since competence for genetic transformation in S.
pneumoniae is reached in exponential phase, nutrient
limitation does not seem to play a role for sacrificing a
sub-population. Moreover, fratricide is not linked to a
differentiation process but instead to quorum sensing-
dependent development of genetic competence,
the ability to take up free DNA from the environment.
While initial studies were performed in liquid cultures
or on solid agar plates [79–81], follow-up work
indicated that fratricide-induced allolysis during com-
petence provides a significant fitness advantage
for pneumococcal cells exchanging genetic material
in biofilms [84]. Most recently, fratricide toxins have
been implicated in being important for the competition
that determines the success in host colonization and
persistence. In this “owner–intruder asymmetry,” a
disproportionate success rate of the initial resident
“owner” over the “intruder” was observed [122].
Among others, this competitive advantage of the
residents could be associated with the competence-
induced bacteriocins A and B (CibAB) implicated in
fratricide.
Open Questions and Future Directions

While the physiological role of both PCD and
fratricide seem to become clearer, cannibalism, in
particular, still holds more questions than it offers
answers. In fact, the only detailed follow-up studies on
this phenomenon solely addressed the biosynthetic
pathway and mechanism-of-action of the two canni-
balism toxins SDP and SKF [55,58]. The true nature
and relevance of cannibalism itself has been virtually
untouched since the initial discovery [22]. While the
CibAB toxin loci and the MazF toxin are widely
distributed, the two AMPs originally associated with
cannibalism—SDP and SKF—as well as homologs to
the corresponding genetic loci are hardly found outside
B. subtilis. According to the Microbesonline database,
the skf locus is only present inPaenibacillus larvae (out
of 52 different Bacillus spp. genomes currently
represented in the database) and not found outside
this genus. The sdpABC operons is only conserved in
Bacillus clausii and the Bacillus cereus plasmid
pBC239. This very narrow distribution of the two
cannibalism toxin loci indicates a very unique role of
this process in differentiation of B. subtilis. Remark-
ably, the only significant hit outside the genus Bacillus
is found in M. xanthus (MXAN_6613–6615).
For cannibalism, the current hypothesis demands

that Spo0A-OFF cells should be susceptible to SDP/
SKF-dependent killing and hence lysis, while Spo0A-
ON cells, which activate the production of cannibalism
toxins, should (i) be immune to SDP/SKF-dependent
killing and (ii) be able delay sporulation by resuming
growth after lysis of Spo0A-OFF cells.
While all results summarized in this review are
consistent with the physiological role and social
function attributed to cannibalism, a direct demonstra-
tion is still missing. Approaching such hypotheses will
require single-cell data. While the study of microco-
lonies in microfluidic devices has already been used
for a number of important studies on phenotypic
heterogeneity in B. subtilis [123,124], it has so far not
been applied to address the role of cannibalism. This
experimental approach would be crucial to establish a
direct correlation between activation of Spo0A and
production of cannibalism toxins. If the producing sub-
population indeed feeds on the released nutrients of
the killed siblings cells, differences in the morphology
and maybe even altered growth behavior could be
expected.
Suchstudieswould also be crucial to understand the

physiological link between CESR and cannibalism,
since induction of the CESR does not seem to provide
any fitness advantage to the population, at least on
bulk level ([60], unpublished data). Approaching this
question would require correlating the induction of
CESR with both the production of cannibalism toxins
and the activation of Spo0A. The most obvious
hypothesis is that induction of CESR systems occurs
in Spo0A-OFF cells that do not produceSDPand SKF
and hence also lack autoimmunity against these
AMPs. However, it is also possible that the intrinsic
activation of CESR systems occurs in the producers
themselves, either due to a temporal delay between
production and autoimmunity development, or be-
cause SKF and SDP exceed concentrations that the
self-protection machinery can handle alone.
Outlook

Given the huge implications that coordinated cell
death should have on understanding bacterial phys-
iology and differentiation, it is surprising that the
concepts of cannibalism, fratricide or PCD—all iden-
tified over 15 years ago—have not been found or
studied outside the originally described microorgan-
isms. So far, all three remain isolated phenotypes
associated with only a single organism each. While
fratricide is clearly a mechanism that seems to be
widespread in streptococci, the cannibalism loci of B.
subtilis and the PCD-related functions in M. xanthus
seem to be almost restricted to these organisms,
indicative of a very organism-specific function. But a
lack of sequence conservation of these specific
systems does not rule out a much wider distribution
of comparable mechanisms mediating coordinated
cell death in other microorganisms. But identifying
such mechanisms will first require a shift in perception
of microorganisms: altruistic death and killing only
make sense in the context of appreciating bacteria
as multicellular organisms that live in diversified
and highly differentiated communities consisting of
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different sub-populations with distinct functions. It
seems that this journey has just begun.
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