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Competition in animals involves a wide variety of aggressive
behaviors. One of the most sophisticated strategies for a focal actor
is to provoke a competitor into uncontrolled aggression toward
other competitors. Like animals, bacteria rely on a broad spectrum of
molecular weapons, some of which provoke potential rivals by trigger-
ing retaliation. While bacterial provocation is well documented, its
potential adaptive value has received little attention. Here, we
examine the costs and benefits of provocation using mathematical
modeling and experiments with Escherichia coli strains encoding
colicin toxins. We show that provocation is typically costly in one-
to-one encounters because a provoking strain receives a strong
reciprocal attack compared with nonprovoking strains. By contrast,
provocation can be strongly beneficial in communities including
more than two toxin-producing strains, especially when the pro-
voker is shielded from, or resistant to, its opponents’ toxins. In these
scenarios, we demonstrate that the benefit of provocation derives
from a “divide-and-conquer” effect by which aggression-provoking
toxin producers force their competitors into increased reciprocal ag-
gression, leading to their cross-elimination. Furthermore, we show
that this effect can be mimicked by using antibiotics that promote
warfare among strains in a bacterial community, highlighting the
potential of provocation as an antimicrobial approach.
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Animals rely on a wide range of aggressive behaviors to deter
their competitors or predators (1, 2). Aggression, however,

is not without risk. Individuals that display antagonistic behaviors
or are involved in power contests incur a significant energy cost
and are at increased risk of injury and death (3–6). Strategic uses
of provocation, by which individuals take advantage of the costs
and destabilizing effects of aggression on their competitors, are
therefore worth considering. Apes and other social animals are
indeed known to purposely maintain or exacerbate existing con-
flicts between two or more of their opponents for their own
benefit (7–12). These behaviors are variations on the “divide-and-
conquer” strategy, famously delineated by Niccolò Machiavelli in
his Art of War (Book VI), by which an individual uses provocation
to pit competitors against one another to weaken them (7, 11).
Bacteria are social organisms. Most of them live in dense

communities where cooperative and competitive interactions are
crucial for their survival (13). Like animals, bacteria display a
variety of aggressive behaviors (14). They produce a wide arsenal
of molecular weapons, ranging from broad-spectrum antibiotics to
strain-specific bacteriocins, comprising both free-floating toxins
and membrane-bound poisoned spikes (15). Most bacteria deploy
their weapons conditionally upon detection of cellular damage or
physiological stress, which are often direct or indirect cues of com-
petition (16, 17). Interestingly, some bacterial strains are known to
release toxins that exacerbate toxin production in conspecifics,
making systematic use of provocation (18, 19). The evolutionary
rationale of such a behavior, if any, is not understood. Indeed, to
date, experimental data and modeling have suggested that prov-
ocation should be costly and selected against (19).
Here we examine the costs and benefits of provocation in

competitions between colicin-producing Escherichia coli strains.
Colicins are a family of prototypic diffusible bacterial toxins, which

target essential components of the cell, like cellular membranes,
protein synthesis, or nucleic acids (20). Under normal growth
conditions, the production of colicins in bacterial colonies is
mostly stochastic, and it has been shown to happen in 0.1–3% of
the population (SI Appendix, Fig. S1) (21–23). However, these
frequencies increase dramatically when the cells are exposed to
DNA damage, a common mechanism of bacterial interference
and an indirect cue for increased competition in biofilms or
within a host (15, 17, 21, 24, 25). Conversely, a subset of colicins
kills by degrading DNA, which naturally increases toxin pro-
duction in all exposed colicin-encoding competitors and singles
them out as natural aggression-provoking agents (SI Appendix,
Fig. S1) (18, 19, 23). Using a colony model, we examine the
evolutionary significance of this form of warfare in communities.
Consistent with previous work, we find that strains using sys-

tematic provocation are generally at a disadvantage in one-to-
one contests. However, within more complex communities, we
show that they can provoke colicinogenic competitors into in-
creased reciprocal aggression leading to their cross-elimination.
We examine the conditions under which this form of divide-and-
conquer warfare is advantageous, in which ecological scenarios it
could be used in nature, and, more generally, the consequences
of increased aggression in bacterial communities. Finally, we
show that the addition of exogenous antibiotics can also provoke
bacterial warfare. This suggests that many medical or dietary inter-
ventions are likely to modify aggression levels in human-associated
microbial populations in a manner that might be harnessed to
help eliminate pathogens.

Significance

Bacteria live in dense environments where competition for
space and resources is fierce. For this reason, they often use
diffusible toxins to eliminate closely related strains. Some
toxins trigger systematic retaliation, raising the question of the
role of provocation in bacterial warfare. We combine mathe-
matical modeling and experiments to study the costs and
benefits of provocation. In one-to-one encounters, provocation
is costly as it leads to strong counterattacks. However, with
three or more strains present, provocation can provide benefits
via a “divide-and-conquer” effect, whereby a strain forces its
opponents to wipe each other out. This effect could be har-
nessed as a targeted antibacterial approach; adding low levels
of certain antibiotics to communities can promote warfare and
cross-elimination between strains.
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Results
DNA-Degrading Toxins Increase Toxin-Mediated Aggression in
Competitors. Colicinogenic E. coli strains, like many toxin-
producing Proteobacteria, respond to DNA damage by increasing
their investment in toxin production. In agreement with this,
strains producing colicins with DNase activity (DNases) have
been found to enhance toxin production in competing col-
icinogenic populations (18, 19). We first sought to confirm that
this response happens consistently and is specific to DNases.
We exposed a population of bacterial cells containing a plasmid
reporting on a colicin promoter to spent medium from col-
icinogenic strains producing representative toxins with DNase,
RNase, or pore-forming activity. An overview of the colicinogenic
strains used in this study can be found in Table 1; throughout this
study “B” is used to indicate our sensitive noncolicinogenic strain.
We found that only the toxin with DNase activity was able to
induce the production of the reporter protein (SI Appendix, Fig.
S2A). To confirm that an actual colicinogenic strain would pro-
duce an excess of toxin in response to DNases, we exposed a
colicinogenic strain to the same set of spent media and measured
the toxicity of cell extracts from the resulting cultures. We found
that, when the DNase, but not colicins of other activities, was
used, the overall toxicity of the cell extract increased compared
with the control, indicating that colicin had been synthesized upon
DNase exposure (Fig. 1A). We confirmed that induction of DNA
damage was essential to this effect by showing that a strain pro-
ducing a catalytically inactive DNase toxin was unable to trigger
the competitor’s response and that an exogenous DNA-damaging
agent could mimic the effect of a DNase (SI Appendix, Fig. S2B).
Furthermore, two additional DNase colicins gave similar results,
suggesting that the ability to trigger retaliation is a general feature
of DNase toxins (SI Appendix, Fig. S2B). From all of the above
we conclude that DNases, in addition to their toxic activity, can
function as aggression-provoking agents, exacerbating toxin pro-
duction in exposed SOS-regulated colicin-encoding competitors,
whereas colicins with other activities do not.

Strains Provoking Their Competitors into Increased Aggression Are at
a Disadvantage in One-to-One Competitions. Systematic provoca-
tion is known to be a risky strategy in animals (4, 5). Based on
this, we investigated the impact of aggression-provoking toxins
on the fitness of the producing strain in pairwise competitions
with other strains. We built an ordinary-differential-equations
(ODE)–based model of toxin-mediated competition between
growing populations with finite resources. To confirm that the
results were applicable to spatially structured environments, we
also built a model of toxin-based competition in space (SI Appendix,
Fig. S3). Both models predict that, in a competition between two
strains secreting either aggression-provoking or nonprovoking
toxins of equivalent toxicities and diffusion properties, the latter

would always win over the former (Fig. 1B and SI Appendix, Figs.
S4 and S5). In accordance with these results, we found that, in an
experimental setup where two bacterial colonies compete for
space (SI Appendix, Fig. S6), a DNase producer had a strong
competitive disadvantage against colicinogenic competitors
compared with pore-forming and RNase toxin producers (Fig. 1
C and D). By contrast, when the toxin-producing competitor
could not uptake colicins, the provoking-toxin producer had no
significant disadvantage compared to the nonprovoking-toxin
producer (SI Appendix, Fig. S7). In addition, this effect did not
seem to be dependent on colicin toxicity since our model DNase
(E2) was found to have comparable, or only slightly lower, tox-
icity levels than its colicinogenic competitors in all of the sce-
narios that we tested (SI Appendix, Fig. S8). In line with this, the
E2-producing strain performed much worse than the sensitive
nonproducer (B) in all competitions with colicinogenic strains,
confirming that growth had a negligible impact on the results
(Fig. 1D and SI Appendix, Fig. S9). Similar results were obtained
with a second, much weaker DNase, colicin E7 (SI Appendix, Fig.
S10). We therefore conclude that toxin-producing bacteria that
provoke competing strains into increased aggression are at a
disadvantage in one-to-one encounters.

Strains Forcing Their Competitors into Increased Aggression Benefit
When Spatially Shielded from or Resistant to Foreign Toxins.We next
asked whether an aggression-provoking toxin producer could
benefit from provocation in bacterial communities comprising
more than two strains. Under these conditions, both our ODE
and spatial models predict that aggression-provoking strains are
again at a disadvantage when the toxins from all strains in the
community have equal chances to reach each other (for the ODE
model, see SI Appendix, Fig. S18 B and C; for the spatial model,
see SI Appendix, Fig. S11). However, in cases where the proba-
bility P for the toxins of a focal strain (either an aggression-
provoking or a nonprovoking strain) to reach the other com-
peting strains is skewed in its favor (i.e., when the focal strain is
shielded from its competitors’ toxins and vice versa), a provoking
strain has a stronger advantage in actively growing communities
than a nonprovoking strain for most values of P (Fig. 2A and SI
Appendix, Figs. S12 and S13). This is because, in this case, the
two competitors have a higher probability to reach each other
with their toxins than the focal strain. At the same time, the
increased aggression caused by provocation leads to a much
quicker cross-elimination of the two adjacent competitors. We
found that this effect is further enhanced when the focal strain is
resistant to its competitors’ toxins; in this case, the provoker
always has an advantage compared with the nonprovoker (Fig.
2A and SI Appendix, Figs. S14 and S15).
We sought to test whether a DNase-producing strain would

benefit in experimental setups reproducing the conditions of the

Table 1. Overview of the colicin strains used in this study

Strain Abbreviation Toxicity Provocation Resistance

BZB1011 B None No No
BZB1011 pColA A Pore-forming No No
BZB1011 pColE1 E1 Pore-forming No No
BZB1011 pColE2 E2 DNase Yes No
BZB1011 pColE4 E4 RNase No No
BZB1011 pColE7 E7 DNase Yes No
BZB1011 pColE8 E8 DNase Yes No
BZB1011 (btuB) BR None No Yes
BZB1011 (btuB) pColA AR Pore-forming No Yes
BZB1011 (btuB) pColE2 E2R DNase Yes Yes

The “Abbreviation” column refers to the labeling of the strains used in the figures. The “Resistance” column
indicates whether or not the strain is resistant to BtuB-binding colicins.
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two modeled scenarios, the biased toxin exposure and the resistant
provoker. To create conditions corresponding to the first scenario,
we spotted a focal DNase or pore-forming colicin producer next to
a spot containing an equal ratio of two competitors (an RNase
producer and a second pore-forming toxin producer). In this set-
ting, the competitors are on average closer to each other than to the
focal strain, which agrees with the mathematical model shown in
Fig. 2A. We could observe that the focal provoking strain had a
notable advantage compared with the focal nonprovoking strain
(Fig. 2 B and C), even though their toxicities were similar (SI Ap-
pendix, Fig. S8). Interestingly, in some cases, the competitive bal-
ance between the two mixed strains shifted exactly at the interface
of the competition with the aggression-provoking strain. This indi-
cates that the local increase in aggression levels also has an impact
on the relative fitness of the competing strains (Fig. 2B, 16 h).
To investigate the second scenario, we mixed equal amounts

of colicin-resistant colicinogenic strains (btuB mutants, Table 1)
with two other sensitive competitors in a single colony. We ob-
served that the resistant DNase producer had an overwhelming
advantage only when both its competitors were colicinogenic
strains (SI Appendix, Fig. S16), in which case it was able to
completely outgrow them (Fig. 2 D and E). This occurred be-
cause, in the presence of the resistant DNase producer, the
competitor strains were provoked into increasing their toxin
production, reciprocally killing each other without harming the
resistant focal strain. By contrast, neither the resistant non-
producer nor the resistant pore-forming toxin producer seemed
to have a significant growth advantage over their competitors
despite their resistance to colicins (SI Appendix, Fig. S17).
We conclude that strains producing aggression-provoking

toxins can have a distinct selective advantage over their toxin-

producing competitors when they are either spatially protected
from or resistant to their competitors’ toxins. Under such condi-
tions, these strains can exacerbate the aggression levels of nearby
competitors and induce them to kill each other, which then allows
them to occupy the cleared space. Such scenarios are analogous to
conflicts among social animals or humans in which divide-and-
conquer strategies are used.

Chemical Manipulation of Bacterial Aggression Levels Can Decrease
Productivity and Change Competition Outcomes in Communities.
Provocation, whether beneficial to the provoking strain or not, has
a significant impact on the overall dynamics of complex bacterial
communities. Both our mathematical models predict that, provided
that one strain does not dominate entirely, the productivity of three-
strain communities is much worse if an aggression-provoking toxin
producer and at least a second toxin producer are included in the
community (Fig. 3A and SI Appendix, Figs. S18 and S19). We tested
this prediction in our experimental system by spotting mixtures of
three different colicin-producing and nonproducing strains, each
marked in turn with GFP. We found that, as predicted, productivity
was worst when the mixture included a DNase producer and two
other colicinogenic strains (Fig. 3 B and C). In addition, we could
observe important shifts in competition outcomes when an
aggression-provoking strain was present in the mixture. In Fig.
3B, the colicin-E4–producing strain dominates in the presence of
a DNase while the colicin-E1–producing strain dominates in its
absence. This shows that DNA-damaging toxins strongly affect
and often cripple the growth of entire bacterial communities
because of their aggression-provoking properties.
We reasoned that such effects should not be specific to DNA-

damaging colicins but should also arise with the use of any DNA-
damaging agent eliciting a sustained LexA-mediated response

Fig. 1. Aggression-provoking strains are at a disadvantage in one-to-one competitions against other toxin-producing competitors. (A) E. coli strains increase their
toxin production when exposed to colicins with DNase, but not other, activities. Cultures of a colicin-E1–producing strain were exposed to spent media from four
strains for 3 h. Extracts of cells were then tested for toxicity using a growth inhibition assay. (B) Strains producing aggression-provoking toxins are at a disad-
vantage in one-to-one competitions with other toxin-secreting strains. The graphs show the dynamics of the modeled population in pairwise encounters between
strains of three types: sensitive nonproducer (cyan), nonprovoking toxin producer (black or dark gray), and aggression-provoking toxin producer (red). Against a
nonprovoking toxin producer, the aggression-provoking strain (Right) decreases faster than the sensitive strain (Left). In all ODE models in this study, the maximal
growth, lysis, and toxin production rates, as well as the general toxin characteristics, are identical across strains. (C and D) E. coli strains producing colicins with
DNase activity are at a disadvantage when competing one-to-one against other colicin-producing strains. (C) Pairs of colicinogenic strains were spotted onto LB
agar, each at a different dilution (1 vs. 10−3, respectively), and grown overnight. (D) The area occupied by the spot of the more dilute, fluorescent strain was
recorded. Large and small letters on the graph correspond to the concentrated and dilute spot, respectively. For strain annotation, see Table 1; in all panels, “B”
stands for BZB1011, a sensitive noncolicinogenic strain. Statistical tests can be found in SI Appendix. (Scale bars: 2,000 μm.)
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(SOS response). To test this, we grew two-member mixed com-
munities of colicin-producing strains on subinhibitory concen-
trations of mitomycin C, well known for its capacity to trigger an
SOS response and colicin production (26) (Fig. 3 D and E). We
used 0.01 μg/mL of mitomycin C, while we found that the min-
imal inhibitory concentration of this chemical for our back-
ground strain was 2 μg/mL (SI Appendix, Fig. S20). The overall
productivity of the community decreased much more in the
presence of mitomycin C in mixtures including two reciprocally
sensitive toxin producers than in the relevant pure strain controls
(Fig. 3 D and E). This was also found to be true for two other
pairs of colicinogenic strains although the strength of the effect
differed (SI Appendix, Fig. S21). In addition, a significant dif-
ference in the relative abundance of each of the two strains was
observed in two of the three pairs (Fig. 3D and SI Appendix, Fig.
S21A), indicating again that not only the overall productivity, but

also the competition outcome in the mixed community was al-
tered when the aggression levels increased.

Discussion
When sensing physiological stress or direct competition cues like
DNA damage, bacteria often react by increasing their investment
in defense mechanisms. Here we study strains producing DNA-
damaging toxins that exacerbate the aggressive responses of
competitors before killing them. We use this model system to
elucidate the adaptive determinants, positive or negative, of
bacterial provocation. We find that strains that release aggression-
provoking toxins are at a clear disadvantage when they compete
pairwise with other toxin-producing competitors because they
enhance their competitors’ toxin production without being able to
adjust their own toxin synthesis accordingly (Fig. 1). On the other
hand, when growing in communities comprising more than two

Fig. 2. Aggression-provoking strains benefit from provocation, provided they are shielded from or resistant to their competitors’ toxins. (A) We modeled
competitions of three toxin-producing strains, including a focal strain segregated from its competitors or resistant to their toxins. Segregation means that the
probability for the focal strain to reach or be reached by its competitors is lower by a factor u (segregation factor) compared with the probability of its two
competitors to reach each other. The graph shows the ratio between the frequency of a focal provoker relative to a focal nonprovoker against the same
competitors as a function of time for different values of u. For u > 2, an aggression-provoking strain benefits compared with a nonprovoker (gray lines). A
resistant provoker has an even stronger advantage (red line). We note that the differences between provoker and nonprovoker appear for a limited time
frame, after the toxins reach relevant concentrations and before the community stops growing because of nutrient exhaustion (SI Appendix, Fig. S12). (B and
C) When segregated and opposed to mixed colonies of two colicin-producing strains, an E. coli strain producing a DNase colicin (E2) has a strong advantage
compared with a strain producing a non-DNase colicin (A). (B) An undiluted focal strain was spotted onto LB agar next to a mixed spot of two other colicin
producers, diluted 1,000-fold, and grown overnight. (C) The area occupied by the mixed spot was measured. For each focal strain (B, A, or E2), in the absence
of interaction, the area occupied by the mixed colicin producers (E1E4) is expected to be no lower than the lowest of the values for single competitors (E1B or
E4B). The disproportionate decrease in the case of E2 is evidence for provocation. (D and E) In communities of three toxin producers, a colicin-resistant E. coli
strain producing a DNase colicin (E2) has an overwhelming advantage compared with a resistant strain producing a non-DNase colicin (A). (D) A mixture of
three strains, a focal resistant strain labeled with red fluorescent protein (RFP) and each of its competitors alternatively labeled with GFP or unlabeled, was
spotted onto LB agar and grown overnight. (E) The fluorescence intensity of each strain was recorded. The graph shows the ratios between the focal strain
(BR, AR, and E2R) and both of its competitors (E1 and E4), normalized to the focal nonproducer (BR). For strain annotation, see Table 1; in all panels “B” stands
for BZB1011, a sensitive noncolicinogenic strain. Statistical tests can be found in the SI Appendix. (Scale bars: 2,000 μm.)
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colicinogenic strains—and if they are shielded from or resistant to
their competitors’ toxins—provokers can overcome their com-
petitors by inducing them to eradicate each other in a way remi-
niscent of divide-and-conquer schemes (Fig. 2). Finally, because
they induce an overall increase in aggression, provoking toxin
producers have a negative impact on the productivity of the
communities in which they grow (Fig. 3).
Our experimental system and mathematical models converge in

demonstrating that provocation significantly affects the competi-
tion of provokers (Figs. 1 and 2) and the composition of bacterial
communities (Fig. 3). The only requirement for this to happen is
that two or more toxin producers, including a provoker, interact.
This condition is likely to be realized often in nature. Existing
literature and our bioinformatic analyses show that several types
of toxin producers do coexist in the microbiota of murine and
human populations (27–29) (Dataset S1). Moreover, through an-
alyzing metagenomic data from the FijiCOMP project, we found
that in more than 50% of individual human microbiota where
colicin genes were identified, two or more colicin genes were
present (30) (Dataset S2). This agrees with models of the evolution
of toxin-producing metacommunities, which predict the coexis-
tence of multiple toxin producers with their resistant counterparts
(SI Appendix, Fig. S22) (31, 32). Provocation is therefore expected
to have a significant impact in natural communities.
From an evolutionary perspective, we have shown that prov-

ocation is a double-edged sword: it is costly in some scenarios
and advantageous in others. Whether provocation evolved as a
competitive strategy remains an open question. For provocation
to have an adaptive value in nature, the scenarios in which it is
beneficial must outweigh the ones in which it is detrimental. Our

results show that provocation is beneficial to the provoker if two
conditions are met: (i) in addition to the focal strain, at least two
other toxin-producing strains need to be present and (ii) the
focal strain must be either resistant to foreign toxins or asym-
metrically exposed to toxins compared with its opponents. Based
on the above, the first condition is likely to be met in natural
environments. The occurrence of the second condition, however,
is more challenging to assess due to our lack of knowledge of the
small-scale ecology and evolution of bacterial communities.
Asymmetric toxin exposure should occur in biofilms or colonies,
which are known for their strong spatial structure, provided that
segregation patterns similar to the ones in Fig. 2C arise (33–35).
Toxin resistance, on the other hand, is frequently observed in the
laboratory and in natural communities. We, and others, readily
see the emergence of cells resistant to colicins both in non-
colicinogenic and colicinogenic laboratory populations, often
driven by insertion sequences in the toxin receptor (20) (SI Ap-
pendix, Fig. S23). Resistant strains have also been observed in the
gut; in mice-associated E. coli populations, phenotypic resistance
to one or more colicins has been shown to be widespread (27).
Consistent with this, about 0.7% of sequenced E. coli strains
(National Center for Biotechnology Information database) lack
a functional btuB gene, making them potentially resistant to all
BtuB-binding colicins (Dataset S3), and in about 7% of E. coli
genomes, the btuB gene is very divergent (SI Appendix, Fig. S24
and Dataset S3). We tested one of these divergent alleles and
found that it imparted a degree of resistance to at least one
colicin (SI Appendix, Fig. S25). This suggests that partial colicin
resistance can be associated also with functional receptors in
nature, which would lower the cost of resistance and promote the

Fig. 3. Increase in aggression has a strong impact
on the productivity and composition of bacterial
communities. (A–C) The productivity of three-member
communities is hampered when an aggression-
provoking strain is present. (A) We modeled the
competition of three-strain communities and report
the dynamics of each strain (nonproducer in cyan,
nonprovoking producers in black and dark or light
gray, aggression-provoking producer in red) and of
the whole population (thin gray line). While an
aggression-provoking strain is frequent in the com-
munity (Right), the overall community productivity
is heavily impacted (time points 1–15). (B) Equal
amounts of three strains, each in turn labeled with
GFP, were mixed and spotted onto LB agar. (C) After
overnight incubation, the fluorescence intensity for
each strain was measured, and intensities were
summed up for each community (strains B, A, or E2
in white; first and second competitors in dark and
light gray, respectively). (D and E) DNA-damaging
chemicals have a similar effect on bacterial commu-
nities as aggression-provoking toxins. (D) Equal
amounts of colicin-E1– and colicin-E4–producing
strains (GFP- and RFP-labeled, respectively) were
mixed and spotted, together with controls, onto LB
agar with or without added mitomycin C at a final
concentration of 0.01 μg ml−1. After overnight in-
cubation, the intensity of the fluorescence was
measured. (E) The summed RFP and GFP fluores-
cence values are plotted. For strain annotation see
Table 1; in all panels “B” stands for BZB1011, a
sensitive non colicinogenic strain. Statistical tests can
be found in the SI Appendix. (Scale bars: 2000 μm.)
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evolution of provocation. Finally, assuming the same rate of re-
sistance emergence, we find that provoking strains would benefit
more than nonprovoking strains since they have a competitive
advantage in communities comprising more than two colicinogenic
strains and do not pay additional costs in other environments (Fig.
2A and SI Appendix, Fig. S26). In sum, conditions where provo-
cation is beneficial seem likely to occur in natural systems, although
we cannot comment on their frequency. Nonetheless, phases of
coexistence of multiple toxin-producing strains and their resis-
tant counterparts, like the ones predicted by published models,
could provide favorable selection conditions for resistant pro-
voker strains and warrant the maintenance of the provocation
trait in the population (SI Appendix, Fig. S22) (31, 32).
In natural communities, bacteria commonly keep each other in

check through competitive interactions (17). Our results indicate
that aggression levels, and in particular the rate of production of
natural antimicrobials, can influence the productivity of com-
munities (Fig. 3 A–C). Moreover, we show that aggression levels
can be manipulated through chemical agents that interfere with
the regulation of bacterial defense mechanisms (Fig. 3 D and E).
We suggest that exacerbating aggression in nonclonal bacterial
communities, especially biofilms found in industrial settings or in
specific chronic infections, could help to lower microbial load
and undermine the evolution of resistance (36–38). This could be
done using either chemical agents like DNA-damaging antibi-
otics at subinhibitory concentrations or strains engineered to
secrete aggression-provoking toxins that would function akin to a

Trojan horse. At any rate, we hope that this research will draw
the attention of microbiologists and clinicians to the possibility of
manipulating microbial aggressive behaviors and its potential as
an antimicrobial intervention.

Materials and Methods
A detailed description of the methods used for modeling, bioinformatics
analyses, genetics, microbiological assays, and data analysis can be found in SI
Appendix. Unless otherwise indicated, E. coli strains were grown overnight
in 5 mL lysogeny broth (LB) broth in 50-mL polypropylene tubes at 37 °C with
agitation (220 rpm). For competition experiments, cells were harvested from
overnight cultures, washed twice with LB broth, and normalized in LB to an
optical density at 600 nm (OD600) of 1.2. Competitions and mitomycin C
experiments were carried out on 0.8% wt/vol LB agar medium, while 1.5%
wt/vol LB agar medium was used for determination of colicin toxicity and
genetics. Unless otherwise stated, LB agar plates were incubated statically at
37 °C for 16 h. Imaging was performed with a Leica M205FA fluorescent
stereomicroscope (Leica Microsystems) using a 10× (N.A. 0.5) dry objective
and the associated LAS X software. Images were processed using FIJI/ImageJ
software (https://fiji.sc/).
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