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SUMMARY 14 

Animals have evolved a wide diversity of aggressive behavior, often based upon the careful 15 

monitoring of other individuals. Bacteria are also capable of aggression, with many species 16 
using toxins to kill or inhibit their competitors. Like animals, bacteria also have systems to 17 
monitor others during antagonistic encounters, but how this translates into behavior remains 18 
poorly understood. Here we use colonies of Escherichia coli carrying toxin-encoding 19 
plasmids as a model for studying antagonistic behavior. We show that, in the absence of 20 

threat, dispersed cells with low reproductive value produce toxins spontaneously, generating 21 
efficient pre-emptive attacks. Cells can also respond conditionally to toxins released by 22 

clonemates via autoinduction, or other genotypes via competition sensing. The strength of 23 
both pre-emptive and responsive attacks varies widely between strains. We demonstrate that 24 
this variability occurs easily through mutation by rationally engineering strains to recapitulate 25 

the diversity in naturally-occurring strategies. Finally, we discover that strains that can detect 26 

both competitors and clonemates are capable of massive coordinated attacks on competing 27 
colonies. This collective behavior protects established colonies from competitors, mirroring 28 
the evolution of alarm calling in the animal world. 29 
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 35 
INTRODUCTION 36 

The study of aggression and conflict has a long history in ethology and evolutionary game 37 

theory [1-3]. In animals, aggression is often associated with sophisticated strategies, whose 38 

evolutionary rationale is to ensure that a fight is initiated only when its benefit outweighs its 39 

cost [4]. In many species, the decision to enter conflict is based on the assessment of multiple 40 
factors, including the availability of resources and the condition of both friends and foe. Extra 41 
layers of behavioral complexity are possible in social animals, where altruistic sacrifice 42 
occurs and collective behavior is used to coordinate attacks. Well-known examples come 43 
from the social insects, including the evolution of specific castes for colony defence [5] and 44 

alarm pheromones that coordinate attacks against predators [6]. A key prediction of the game 45 
theory of animal conflicts is that natural selection can favour variability in aggressive 46 
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behaviors both within and between species [7]. This is borne out in animal populations, 47 

where there is striking diversity in the strategies determining when aggression is initiated, and 48 
the length and violence of fights [1, 8]. 49 

Bacteria live in dense communities, where their capacity to monitor and interact 50 

appropriately with the cells around them is key to their evolutionary success [9]. Consistent 51 
with this, bacteria have evolved systems that allow them to assess the density of cells, the 52 
intensity of resource competition, and the presence of competitors, and to change their 53 
individual and collective behavior accordingly [10-12]. Most bacterial strains also produce 54 
antibacterial compounds, like antibiotics, bacteriocins and other types of toxins [13]. These 55 

compounds enable them to inhibit competing strains and to secure space and resources [14-56 
18]. Therefore, such molecules can be considered functionally equivalent to the aggressive 57 
behaviors of animals [8]. Molecular microbiology has revealed that toxin production is 58 
usually controlled by regulatory systems commonly associated with stress responses and 59 
cellular damage [19-27]. This has led to the idea that toxins are often upregulated in response 60 

to competition [10]. However, given the relative simplicity of bacterial regulatory systems 61 
governing the production of toxins, it remains unclear whether the richness in variability and 62 

complexity seen in animal aggression strategies is a realistic prospect. 63 
Here we investigate the diversity and complexity of antagonistic behavior in bacteria. 64 

We focus our study on a group of prototypic bacterial toxins, the colicins, whose production 65 
is controlled by a regulatory system which detects DNA damage (SOS response) [28]. By 66 

monitoring the localization of toxin production within bacterial colonies in the presence or 67 
absence of competing strains, we show how colicinogenic bacteria modulate their behavior, 68 

individually and collectively, in response to competition and to their clonemates' behavior. 69 
Additionally, we show that different genotypes display a wide diversity of antagonistic 70 
behaviors, which can be generated through a small number of mutations affecting the toxin-71 

encoding locus. Ultimately, our results reveal that, even when using one of the simplest 72 
regulatory systems known - based on a single transcriptional repressor - bacteria can generate 73 

a remarkable diversity of toxin production strategies, including collective responses akin to 74 
those seen in social animals [29, 30]. 75 

 76 
 77 
RESULTS 78 

Spontaneous toxin production is common across colicinogenic strains 79 

Colicinogenic plasmids (Type I) in Enterobacteria encode three proteins relevant to toxin 80 
production: an activity protein (the actual toxin), an immunity protein (that interacts with the 81 
toxin to prevent it from harming the producer strain) and a lysis protein (which releases the 82 
toxin through the permeabilization of the producer's membrane) [31-33]. At the regulatory 83 

level, the decision to produce most characterized colicins is thought to lie primarily with 84 
LexA, a transcriptional repressor whose main function is to prevent the expression of genes 85 

involved in SOS response during normal growth [22, 34, 35]. In agreement with this, we 86 
found that the promoter region of approximately 60% of the 176 colicin genes identified in 87 
the NCBI plasmid database (Enterobacteria only) contained at least one, but often two, 88 
putative LexA binding site(s), whereas potential binding sites for the stress regulators CRP 89 
[36, 37], IscR [38, 39] and FUR [40] were present in only 12, 27 and 40% of the promoters, 90 

respectively (Figure S1A, File S1 - Tab 1). LexA is, therefore, the most frequent regulator of 91 
colicin-like toxins [21, 41]. Interestingly, most of the individual LexA boxes found in colicin 92 
promoters are predicted to bind LexA rather weakly (Heterology Index score (HI) > 6) (File 93 
S1 - Tab 1), unlike the LexA boxes found in the promoters of typical chromosomal SOS 94 
response genes (HI < 5 for umuD, lexA, sulA, recA, recN, uvrB) [22, 34]. This consistently 95 
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low predicted affinity of LexA boxes in colicin promoters suggests that transcription of these 96 

toxins might not be completely repressed, and that colicins could be commonly produced in 97 
the absence of DNA-damaging agents. This is in agreement with previous data from some of 98 
the well-studied colicins in liquid culture [28, 34, 42, 43] but it is not clear whether the 99 

amounts produced are biologically significant and able to suppress other strains in direct 100 
competition. 101 

We, therefore, asked if spontaneous toxin production across several colicinogenic 102 
strains is sufficient to inhibit competitors. Specifically, we examined whether thirteen LexA-103 
regulated colicins of different toxic activities were produced spontaneously within agar 104 

colonies in amounts that inhibit another strain. When incubated overnight, eight of the 105 
thirteen colicin producing strains inhibited the growth of a wild-type non-producer spotted 106 
nearby at low densities (Figure S1B). For the other five colicins, colonies had to be grown for 107 
12 hours prior to adding the non-producer for growth inhibition to be observed, also 108 
consistent with colicins being made at significant levels, but in a manner where established 109 

colonies inhibit later arrivals. This suggests that colonies formed by all examined colicin-110 
encoding strains produce toxins spontaneously, in biologically relevant amounts. 111 

We then focused on a subset of five toxins for more detailed study. We chose colicins 112 
E2, E7 and E8, which are DNases, and colicins A and K, which have pore-forming activity 113 
(see also Table S1). To assess the baseline activity of colicin expression, we first studied 114 
wild-type strains harboring GFP reporter plasmids for each of the five colicin promoters 115 

(Table S2). While most cells in colonies grown from a single cell (hereafter termed “single-116 
cell colonies”) did not express significant amounts of GFP, a small fraction (from 0.1 to 2% 117 

depending on the reporter plasmid), dispersed among inactive cells, was highly fluorescent 118 
(Figure 1AB). Colicin E2 and E7 reporters were expressed in a larger fraction of the cells 119 
than E8 and A reporters, which were, in turn, more active than colicin K. A reporter for the 120 

chromosomal gene umuD, activated in cells undergoing sustained SOS response, was 121 
expressed at frequencies comparable to colicin K [44]. The result we obtained in structured 122 

environments can be also reproduced in liquid cultures [22, 45]. We confirmed that these 123 
expression patterns are almost entirely dependent on LexA cleavage, except for colicin K, 124 

whose expression is known to be controlled also by stringent response, especially in 125 
stationary phase [25] (Figure S2A). 126 

In sum, we find that, in colicinogenic colonies, a small fraction of cells which are 127 
well-dispersed in the colony, express colicin spontaneously, and that this level of colicin 128 

expression is sufficient to inhibit a sensitive competitor (Figure S1B). We, therefore, 129 
conclude that colicins are generally consistently produced in the absence of threat, generating 130 
what is, from a behavioral perspective, a pre-emptive attack. 131 
 132 
Spontaneous colicin production occurs in cells of low reproductive value 133 

To better characterize the interaction of chromosomal SOS response and plasmid-driven 134 

toxin production, we constructed a strain harboring a dual reporter plasmid (Table S2), where 135 
the promoter of colicin E2 controls the transcription of a GFP gene, and the promoter of the 136 
canonical SOS response gene umuD controls the transcription of an RFP gene. This allows us 137 
to compare the relative activation of stringent SOS response and colicin production at a 138 

single-cell level. We found that in single-cell colonies (Figure S2B, top), all cells that were 139 
expressing umuD (red) also expressed colicin E2 (green), but most cells producing colicin E2 140 
did not express umuD. The same held true for liquid culture of BZB1011 cells harboring the 141 
dual colE2/umuD-reporter plasmid; cells active solely for colicin expression were 142 
approximately twice as frequent compared to cells that would make colicin while undergoing 143 
stringent SOS response (Figure S2B, bottom and S2C). Therefore, colicin promoters are more 144 
reactive to low-level DNA damage than stringent chromosomal SOS genes and this leads to 145 
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an increase in the number of cells in a colony committed to toxin production. This extra 146 

investment poses the question of the rationale of toxin production in the absence of threat. 147 
It has been previously suggested that producing colicin in response to DNA damage 148 

ensures that cells with low fitness (reproductive value) are the ones which will end up lysing 149 

to release the toxin [10, 46, 47]. However, to our knowledge, this hypothesis has never been 150 
empirically tested. To address this, we transformed BZB1011 cells with either the colicin E2 151 
or the umuD reporter plasmids (in the absence of any natural colicin plasmid) and recorded 152 
cell divisions (Figure 1C). Cells undergoing sustained SOS response were more than six 153 
times less likely to divide in a given timeframe than cells in which the umuD promoter was 154 

inactive. Cells which were reporting colicin expression were only two-fold more unlikely to 155 
divide than non-reporting cells. Nevertheless, the difference in short-term fitness between the 156 
cells that reported colicin expression and the ones that did not is significant. Since the strains 157 
we used harbored only reporter plasmids, this experiment reflects the actual health of the 158 
cells which would produce colicin should they contain a colicin plasmid. Hence, we can 159 

conclude that LexA regulation identifies a subset of cells that have relatively low immediate 160 
reproductive value but that are likely to be healthy enough (to have sufficient “social value” 161 

[47]) to produce large amounts of colicin proteins and generate an efficient pre-emptive 162 
attack. 163 
 164 
Autoinduction generates variability in toxin production behavior during pre-emptive attack 165 

For a subset of colicins with DNase activity, an increase in toxin production (termed 166 
“autoinduction”) triggered by the presence of colicin molecules in the medium has been 167 

observed in liquid cultures [48, 49]. To investigate the potential contribution of autoinduction 168 
to the generation of behavioral diversity in combat, we repeated our reporter experiments in 169 
colonies with strains that contained both a reporter and its corresponding colicin plasmid 170 

(Figure 2). While expression of colicin A, K and E7 did not change dramatically, colicin E2 171 

and E8 showed a large increase in spontaneous expression frequency in colonies, which we 172 
confirmed ourselves also for liquid culture (Figure S3) [48, 49]. The high expression levels of 173 
colicin E2 and E8 are also associated with increased killing capacity (Figure S1B). Therefore, 174 

even though the different toxins may have different potency, the transcriptional regulation of 175 
colicins is a predictor of aggression in E. coli. 176 

In colonies of colicin E2 and E8 strains, large intensely-fluorescent patches of 10-100 177 
µm in diameter appeared (Figure 2A). This contrasts with the reporter-only experiments 178 
where individually fluorescent cells were distributed across the entire colony in the (Figure 179 

1A). Time-series experiments on single-cell colonies of colicin E2 and E8 showed that the 180 
colicin-expressing patches dramatically increased in size over time until the center of the 181 

colony is almost entirely occupied by colicin-producing cells, suggesting that the spontaneous 182 
release of colicins by individual cells induced colicin production in their immediate 183 
neighbors, which, in turn, propagated the response in space (Figure S4A). We also found 184 

evidence for autoinduction between neighboring cells at the single-cell level (Figure S4B, 185 
Video S1), which demonstrates the importance of spatial structure for this amplification 186 
event. Finally, we confirmed that autoinduction occurs because of the uptake of external 187 
DNA-damaging colicin through its natural receptor by showing that autoinduction was 188 

impeded for colicins E2 and E8 in a strain background where the BtuB receptor of these 189 
colicins was not functional (Figure S5, Table S3). 190 

Our study of autoinduction in structured environments differentiates between two 191 
distinct LexA-based forms of pre-emptive attack for colicins with DNase activity. The E7-192 
like behavior relies mainly on spontaneous SOS response while the E2/E8-like behavior 193 
amplifies this basal response through a positive feedback loop whereby previously released 194 
colicin forces some of the exposed clonemates to produce toxin themselves. With the former 195 



5 

behavior, toxin production occurs at a lower level through cells dispersed over the entire 196 

surface of the colony. With the latter, localized patches of the structured population commit 197 
to toxin production, which leads to effective increase of the overall level of released toxin in 198 
a cell-density-dependent manner. 199 

 200 
Minimal regulatory mutations generate diversity in pre-emptive attack 201 

We found that naturally-occurring colicin operons have different basal expression frequencies 202 
(for example E8 versus E2, Figure 1A) and show different autoinduction levels (for example 203 
E7 versus E8, Figure 2A). The evolution of natural diversity in aggressive strategies is 204 
predicted by evolutionary game theory [4, 7] and has been observed across diverse animal 205 
species [1]. Our system gives us an opportunity to study the molecular basis of the variability 206 

in aggressive behaviors in bacteria. 207 
Based on the known biology of colicins [22, 34], we hypothesized that the variation in 208 

affinity for LexA among colicin promoters could have a major impact on the frequency of 209 
colicin-producing cells and, therefore, on the intensity of pre-emptive attacks. To test this, we 210 
introduced naturally-occurring point mutations to the LexA-boxes in the colicin E2 promoter 211 
to alter their predicted binding affinity for LexA (according to their HI). We designed two 212 
variants, one containing higher-affinity LexA boxes and one containing lower-affinity LexA 213 

boxes compared to the wild-type promoter. The higher-affinity LexA motif resulted in lower 214 
frequency of spontaneous colicin producers while the lower-affinity LexA boxes had the 215 

opposite effect (Figure 3AB). In accordance to this result, a strain harboring a modified 216 
colicin E2 plasmid where the natural promoter was replaced by the high-affinity one, was less 217 

toxic to a nearby competitor that the wild-type colicin E2 strain (Figure S6). 218 
Could autoinduction be controlled as easily? We reasoned that differences in the 219 

intracellular concentration of the immunity protein could account for different autoinduction 220 

levels (Figure S5C). To test this hypothesis, we created a BZB1011 strain that constitutively 221 

overexpresses the E2 immunity protein (Table S3). While this genotypic modification did not 222 
affect the basal level of colicin E2 production, it abolished autoinduction in colonies 223 
containing both the reporter and the colicin E2 plasmid (Figure 3CD). As previously 224 

proposed [48, 49], a higher basal expression level of the immunity protein could also explain 225 
the absence of autoinduction from the natural colicin E7 plasmid. This means that in nature 226 

autoinduction could be easily modulated by point mutations on the promoter of the immunity 227 
protein. 228 

Overall, these results suggest that mutation can easily create a wide range of pre-229 

emptive combat strategies in E. coli, by fine-tuning independently either the basal frequency 230 
of the attacking cells (through mutations on the promoter of the toxin) or the level of 231 

autoinduction in a strain (through mutations on the promoter of the immunity protein). 232 
 233 
Competition sensing drives responsive attacks 234 

We next studied the effects of direct competition on bacterial aggression by growing colonies 235 
harboring colicin E2, E8 or A reporter plasmids next to different competitor strains. All three 236 
reporter strains showed a strong fluorescent signal, localized at the interface of the two 237 
colonies, when they were grown next to a strain producing a DNase colicin (E2 or E8), but 238 
not next to a non-producing strain (Figure 4A). This behavioral response is consistent with 239 

LexA cleavage after induction of SOS response due to the action of DNase colicins. We 240 
confirmed this by showing no fluorescent signal was observed when the same experiment 241 
was repeated with a BZB1011 strain bearing an uncleavable lexA allele (Figure 4B). 242 
However, unlike the cases of pre-emptive attack described previously, in this case LexA 243 
regulation generates a responsive attack through competition sensing [10]. Colicinogenic 244 
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strains sense a competitor and upregulate toxin production as a direct result of the DNA 245 

damage this competitor inflicts. 246 
When we repeated our experiments using cells harboring the E2, E8 and A reporter 247 

fusions along with the corresponding colicin plasmids (Figure 4C), we observed an 248 

upregulation of toxin production for colicins E2 and E8, but not A. Increased toxin 249 
production due to autoinduction could already be seen when our focal E2 and E8 strains were 250 
placed next to a non-producer strain (Figure 4C, top row). However, a much greater increase 251 
in activity over most of the focal colony was seen in the presence of another DNase-colicin 252 
producer (Figure 4C, bottom row). This indicates that there is a strong interaction between 253 

the autoinduction and the competition sensing colicin production modes. Specifically, the 254 
cells closest to the interface with the competitor, via their own response and colicin release, 255 
seem to be informing the cells further away from the competitor of the incoming attack. The 256 
ability to share information on incoming attacks is well known in animals, where it occurs via 257 
alarm calling and alarm pheromones which are used to communicate a perceived threat [50]. 258 

The intriguing possibility that social bacteria are capable of similar collective behaviors led 259 
us to examine this further. 260 

 261 
Competition sensing and autoinduction drive coordinated attacks 262 

A time series of the competition between two autoinducing strains (E2 and E8) revealed a 263 
wave of activation that started at the interface between the two strains and moved towards the 264 

other edge of the colonies (Figure 5A, Video S2). It is possible that this effect is driven 265 
purely by escalating cross-induction between the two DNA-damaging colicins (competition 266 

sensing) and that autoinduction does not play a role, which would greatly weaken the analogy 267 
to alarm calling in animals. To examine the possibility that cross-induction alone explains 268 
toxin production, we paired an autoinducing strain (the wild-type colicin E2 producer) with 269 

an E8 producer that is not capable of competition sensing or autoinduction. For the E8 strain, 270 

we used a btuB-negative colicin E8 producer, which, being unaffected by the toxin of its 271 
competitor or its own, produces a constant amount of its own colicin (Figure 5B, top six 272 
panels, Video S3). While the btuB-negative E8 strain was not capable of competition sensing, 273 

the E2 producer developed a strong response at the interface with its competitor, which 274 
quickly swept over the entire colony. This result is consistent with autoinduction driving the 275 

colony’s response rather than cross-induction between the two strains. However, to 276 
definitively show that autoinduction is important, we also studied our colicin E2 producer 277 
derivative that is capable of competition sensing but incapable of autoinduction (i.e. the 278 

colicin E2 producer that overexpresses the E2 immunity protein, see Figure 3CD), in the 279 
same experimental setting. In this case, competition sensing occurred at the interface with the 280 

E8 producing strain, but the signal did not expand further into the colony as communication 281 
of the threat was prevented (Figure 5B, bottom six panels, Video S3). 282 

We have, therefore, shown that the combination of a responsive attack and 283 

autoinduction drives a coordinated attack. But is this phenomenon really an evolved strategy 284 
comparable to those that have been well characterized in animals? One necessary condition 285 
for observed phenotypes to represent evolved strategies is the potential for variability on 286 
which natural selection can act. The ability to modulate the responsiveness of colicin 287 

production via changes on the promoter of the immunity protein is consistent with this being 288 
a readily evolvable trait (Figure 3CD). Moreover, the observed natural variation in the 289 
propensity of colicin producers for autoinduction (compare E7 with E2 and E8, Figure 2AB) 290 
suggests that coordinated-attack behavior is beneficial under some conditions but not others 291 
in nature. 292 

A second condition for the coordinated attack to represent an evolved strategy is that 293 
it provides evolutionary benefits. A key feature of the collective response is its intensity; 294 
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colicin E2 and E8 strains produce a high level of toxin. Game theory and previous 295 

experimental work suggests that investing in toxins should be most beneficial when a strain is 296 
competitively dominant. The effects of dominance could occur either because a strain 297 
possesses a particularly effective weapon or because the contests that are important for fitness 298 

are those where it is in the majority, i.e. defending an established colony with colicins is more 299 
important for fitness than using colicins to invade a new patch [16, 51]. Based on this 300 

prediction, we studied the benefits of coordinated attacks in scenarios where our focal strain 301 
is in the majority or in the minority. Specifically, we placed our focal E2 strain 302 

(autoinducing/wild-type or non-autoinducing) next to a competing colony which produces 303 
colicin E8. When the colicin E2 producer is the majority player, autoinduction provides a 304 
competitive benefit (Figure 6, exclusion scenario). By contrast, when it is in the minority, 305 
there is no significant difference between the two E2 strains, with the autoinducing strain 306 
doing slightly worse (Figure 6, invasion scenario). Therefore, as predicted by theory, we find 307 

that dominant strains can benefit from using an intense and highly responsive attack. This is 308 

consistent with an evolved strategy used by some strains to rapidly eliminate weaker 309 

competitors. 310 
 311 
 312 
DISCUSSION 313 

We have used colicinogenic plasmids as a model system to study the diversity in antagonistic 314 
behavior in bacteria. We chose colicins whose production is under the control of the 315 

transcriptional repressor LexA, because this form of regulation is widespread for diffusible 316 
bacterial toxins. Despite the simplicity of its design, LexA-based regulation brings about a 317 

surprisingly broad spectrum of aggressive behaviors. These occur through variability in two 318 
key modes of colicin production, the spontaneous mode and the competition-sensing mode. 319 

We found that several different colicins are produced spontaneously at concentrations 320 

that are sufficient to inhibit the growth of nearby sensitive competitors (Figure S1B). 321 
Moreover, our data suggest that this spontaneous production is not a regulatory accident but 322 

an evolved strategy of pre-emptive attack. The SOS boxes located in the colicin promoters 323 
are consistently predicted to have low affinity for LexA and can, thus, readily respond to 324 

natural variations in the intracellular concentration of the regulator (File S1 - Tab 1). In 325 
agreement with this, we find that toxin production occurs in a higher fraction of the cells than 326 
that experiencing stringent SOS response (Figure S2BC). We also showed that the cells 327 
earmarked for spontaneous colicin production (and subsequent lysis) have lower reproductive 328 

value and are less likely to leave descendants than the average cell in a colicinogenic strain 329 
(Figure 1C). In this way, the cost of spontaneous colicin production is minimized but, due to 330 
the looser transcriptional repression of the toxin, the colicinogenic strain still mounts a 331 
constant and efficient pre-emptive attack. 332 

The intensity and spatial distribution of pre-emptive attacks can be easily modulated 333 

by natural selection creating a whole range of basal toxin expression frequencies 334 
corresponding to variations in aggressiveness adapted to different ecological contexts. This 335 

can be achieved via single nucleotide variations in the LexA boxes of the colicin promoters 336 
(Figure 3AB) or the intracellular concentrations of the immunity protein (Figure 3CD) that 337 
offers the potential for autoinduction (Figure 2, S3-S5). 338 

The most striking behavior we see, however, stems from the competition-sensing 339 
mode of colicin production (Figure 4). The presence of DNA-damaging agents originating 340 

from competing strains, triggers LexA cleavage, global SOS response and elevated toxin 341 
production. When combined with autoinduction, we found that this generates a coordinated 342 
collective response to incoming attacks (Figure 5). Complex behaviors that arise from the 343 

interaction of many individuals are well-known from animals [29, 30]. They are also known 344 
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from bacteria who use quorum sensing to regulate traits including luminescence, iron 345 

scavenging, biofilm formation and pathogenicity [52]. However, to our knowledge, the 346 
generation of a collective response to incoming attacks has not previously been documented 347 
in bacteria. The clearest analogy is from social animals that use alarm calls or pheromones to 348 

communicate a threat and coordinate attacks [50]. For example, upon detecting a threat to the 349 
colony, suicidal attacking honeybee workers release a cocktail of pheromones that increases 350 
aggression in sister workers, leading to a collective attack [6]. 351 

Colicin E2 and E8 producers achieve their collective behavior through the 352 
combination of two LexA-based processes, competition sensing and autoinduction (Figure 353 

6C). When an autoinducing strain senses an incoming attack (DNA damage from a 354 
competitor), it engages in a responsive attack against its competitor, by locally releasing toxin 355 
molecules, which then act as stress cue among clonemates. The clonemates, even if they were 356 
initially unaffected by the competitor, upregulate their colicin production and release toxins 357 
through autoinduction (Video S2, S3). The result is a rapid and massive counter-attack that 358 

can eliminate an invading competitor (Figure 6). This behavior is most likely restricted to 359 
colicins regulated by SOS response, since, for it to occur, a cell has to be able to upregulate 360 

its toxin in response to the toxin itself (positive feedback loop). It is unlikely that other 361 
colicin regulators have this property; for example, the activity of the second most common 362 
transcriptional regulator of colicin genes (Figure S1A, File S1 - Tab 1), FUR, which depends 363 
on iron availability, should not be directly upregulated by damage inflicted by DNase, RNase 364 

or pore-forming toxins. On the other hand, cross-autoinduction between two LexA-regulated 365 
colicins present within the same producing strain (on the same or different plasmids), could 366 

occur if one of them has DNA-damaging activity. However, this scenario appears rare; only 367 
21 out of the 4,017 E. coli genomes listed in the NCBI database were found to contain a 368 
colicin gene with DNase activity along with at least one other SOS-regulated colicin gene 369 

(File S1 - Tab 2). 370 
We showed that autoinduction provides a benefit to a focal strain when it has to 371 

defend an established colony against outnumbered invaders, but not when the positions are 372 
reversed. Although the experimental setup we used does not exactly reflect E. coli natural 373 

growth conditions, our conclusions may reasonably apply to natural settings, especially to 374 
spatially structured communities like biofilms [53]. Facing an invading competitor is a 375 
common ecological scenario, which has a strong impact on bacterial fitness [54]. The 376 
capacity for resident strains to withstand invasion brings major advantages, and many 377 

microbial toxins, including contact dependent toxins like the type VI secretion system, may 378 
be required to ensure colony or biofilm cohesion rather than to achieve colonization [55]. 379 

In summary, we have shown that, when combined with collective behavior, a two-380 
component regulatory system can generate a wide range of aggressive behaviors in bacteria 381 
(Figure 7). More specifically, it can single handedly: 1) generate pre-emptive attacks of 382 

variable intensities; 2) preferentially identify cells of low fitness for lysis; 3) generate 383 
variability in attack behavior via density-dependent amplification of toxin production; 4) 384 

orchestrate coordinated and responsive attacks by combining autoinduction with competition 385 
sensing. These coordinated strategies mirror social behaviors like alarm calling in animals 386 
but, rather than having an independent alarm signal, the colicin toxin doubles as both the 387 
means of attack and communication. This dual function enables the bacterium to generate 388 
complex behavior with minimal molecular complexity. Given how frequently toxins are 389 

found in microbial genomes, our work raises the possibility that many species use diverse and 390 
complex aggressive strategies to overcome competitors. 391 
 392 
 393 
 394 



9 

AUTHOR CONTRIBUTIONS 395 

 396 
D.A.I.M, D.G., S.A.W. and K.R.F. designed research; D.A.I.M and D.G. performed research; 397 
D.A.I.M and D.G. analyzed the data; D.A.I.M, D.G., S.A.W. and K.R.F. wrote the paper; 398 

W.K. provided advice during the preliminary stages of the study. 399 
 400 
 401 
ACKNOWLEDGEMENTS 402 
 403 

We thank B. Kerr for the reporter plasmids for colicins A, E7 and K and the wild-type 404 
colicinogenic BZB1011 strains, R.C. McLean for strain JJC443, and C. Kleanthous and B. 405 
Berks for useful discussions. We are grateful to all scientists involved in the review of this 406 
work; their comments have been invaluable. This study was funded by a Calleva Research 407 
Centre for Evolution and Human Science (Magdalen College, Oxford) grant (to S.A.W. and 408 

K.R.F), the European Research Council Grant 242670 (to K.R.F), the MRC Career 409 
Development Award MR/M009505/1 (to D.A.I.M.), and the Swiss National Science 410 

Foundation Postdoc Mobility Fellowships P2LAP3_155109 and P300PA_167703 (to D.G.). 411 
The authors declare no conflict of interest. 412 
 413 
 414 

DATA AVAILABILITY STATEMENT 415 
 416 

All data will be available upon request. 417 



10 

REFERENCES 418 

 419 

1. Hardy, I.C.W., and Briffa, M. (2013). Animal Contests, (Cambridge: Cambridge 420 
University Press). 421 

2. Lorenz, K. (1974). On aggression, (New York: Harcourt Brace Jovanovich). 422 

3. Maynard Smith, J. (1982). Evolution and the theory of games, (Cambridge, New 423 
York: Cambridge University Press). 424 

4. Kokko, H. (2013). Dyadic contests: modelling fights between two individuals. In 425 
Animal Contests, I.C.W. Hardy and M. Briffa, eds. (Cambridge: Cambridge 426 

University Press), pp. 5-32. 427 

5. Ishikawa, Y., and Miura, T. (2012). Hidden aggression in termite workers: plastic 428 

defensive behaviour dependent upon social context. Anim. Behav. 83, 737-745. 429 

6. Moritz, R.F.A., and Burgin, H. (1987). Group response to alarm pheromones in social 430 
wasps and the honeybee. Ethology 76, 15-26. 431 

7. Maynard Smith, J., and Price, G.R. (1973). The logic of animal conflict. Nature 246, 432 

15-18. 433 

8. Huntingford, F.A., and Turner, A.K. (1987). Animal conflict, (London: Chapman and 434 

Hall). 435 

9. Nadell, C.D., Drescher, K., and Foster, K.R. (2016). Spatial structure, cooperation and 436 

competition in biofilms. Nat. Rev. Microbiol. 14, 589-600. 437 

10. Cornforth, D.M., and Foster, K.R. (2013). Competition sensing: the social side of 438 
bacterial stress responses. Nat. Rev. Microbiol. 11, 285-293. 439 

11. Lambert, C., Ivanov, P., and Sockett, R.E. (2010). A transcriptional "Scream" early 440 

response of E. coli prey to predatory invasion by Bdellovibrio. Curr. Microbiol. 60, 441 
419-427. 442 

12. Papenfort, K., and Bassler, B.L. (2016). Quorum sensing signal-response systems in 443 
Gram-negative bacteria. Nat. Rev. Microbiol. 14, 576-588. 444 

13. Rendueles, O., and Ghigo, J.M. (2015). Mechanisms of competition in biofilm 445 

communities. Microbiol. Spectr. 3. 446 

14. Chao, L., and Levin, B.R. (1981). Structured habitats and the evolution of 447 

anticompetitor toxins in bacteria. Proc. Natl. Acad. Sci. U.S.A. 78, 6324-6328. 448 

15. Chatzidaki-Livanis, M., Coyne, M.J., and Comstock, L.E. (2014). An antimicrobial 449 
protein of the gut symbiont Bacteroides fragilis with a MACPF domain of host 450 
immune proteins. Mol. Microbiol. 94, 1361-1374. 451 

16. Inglis, R.F., Gardner, A., Cornelis, P., and Buckling, A. (2009). Spite and virulence in 452 
the bacterium Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U. S. A. 106, 5703-453 
5707. 454 



11 

17. Kommineni, S., Bretl, D.J., Lam, V., Chakraborty, R., Hayward, M., Simpson, P., 455 

Cao, Y., Bousounis, P., Kristich, C.J., and Salzman, N.H. (2015). Bacteriocin 456 
production augments niche competition by enterococci in the mammalian 457 
gastrointestinal tract. Nature 526, 719-722. 458 

18. Majeed, H., Gillor, O., Kerr, B., and Riley, M.A. (2011). Competitive interactions in 459 
Escherichia coli populations: the role of bacteriocins. ISME J 5, 71-81. 460 

19. Basler, M., Ho, B.T., and Mekalanos, J.J. (2013). Tit-for-tat: type VI secretion system 461 
counterattack during bacterial cell-cell interactions. Cell 152, 884-894. 462 

20. Braun, V., and Burkhardt, R. (1982). Regulation of the ColV plasmid-determined 463 

iron(III)-aerobactin transport system in Escherichia coli. J. Bacteriol. 152, 223-231. 464 

21. Ghazaryan, L., Tonoyan, L., Ashhab, A.A., Soares, M.I., and Gillor, O. (2014). The 465 

role of stress in colicin regulation. Arch. Microbiol. 196, 753-764. 466 

22. Gillor, O., Vriezen, J.A., and Riley, M.A. (2008). The role of SOS boxes in enteric 467 
bacteriocin regulation. Microbiology 154, 1783-1792. 468 

23. Hol, F.J., Voges, M.J., Dekker, C., and Keymer, J.E. (2014). Nutrient-responsive 469 

regulation determines biodiversity in a colicin-mediated bacterial community. BMC 470 
Biol. 12, 68. 471 

24. Kuhar, I., van Putten, J.P., Zgur-Bertok, D., Gaastra, W., and Jordi, B.J. (2001). 472 
Codon-usage based regulation of colicin K synthesis by the stress alarmone ppGpp. 473 
Mol. Microbiol. 41, 207-216. 474 

25. Kuhar, I., and Zgur-Bertok, D. (1999). Transcription regulation of the colicin K cka 475 
gene reveals induction of colicin synthesis by differential responses to environmental 476 

signals. J. Bacteriol. 181, 7373-7380. 477 

26. Navarro, L., Rojo-Bezares, B., Saenz, Y., Diez, L., Zarazaga, M., Ruiz-Larrea, F., and 478 

Torres, C. (2008). Comparative study of the pln locus of the quorum-sensing 479 
regulated bacteriocin-producing L. plantarum J51 strain. Int. J. Food Microbiol. 128, 480 
390-394. 481 

27. Wei, X., Huang, X.Q., Tang, L.L., Wu, D.Q., and Xu, Y.Q. (2013). Global control of 482 

GacA in secondary metabolism, primary metabolism, secretion systems, and motility 483 
in the rhizobacterium Pseudomonas aeruginosa M18. J. Bacteriol. 195, 3387-3400. 484 

28. Kamensek, S., Podlesek, Z., Gillor, O., and Zgur-Bertok, D. (2010). Genes regulated 485 
by the Escherichia coli SOS repressor LexA exhibit heterogeneous expression. BMC 486 
Microbiol. 10, 283. 487 

29. Couzin, I.D., and Krause, J. (2003). Self-organization and collective behavior in 488 
vertebrates. Adv. Stud. Behav. 32, 1-75. 489 

30. Sumpter, D.J. (2006). The principles of collective animal behaviour. Philos. Trans. R. 490 
Soc. Lond. B Biol. Sci. 361, 5-22. 491 



12 

31. Pugsley, A.P., Goldzahl, N., and Barker, R.M. (1985). Colicin E2 production and 492 

release by Escherichia coli K12 and other Enterobacteriaceae. J. Gen. Microbiol. 493 
131, 2673-2686. 494 

32. Pugsley, A.P., and Rosenbusch, J.P. (1981). Release of colicin E2 from Escherichia 495 

coli. J. Bacteriol. 147, 186-192. 496 

33. Yang, T.Y., Sung, Y.M., Lei, G.S., Romeo, T., and Chak, K.F. (2010). 497 
Posttranscriptional repression of the cel gene of the ColE7 operon by the RNA-498 
binding protein CsrA of Escherichia coli. Nucleic Acids Res. 38, 3936-3951. 499 

34. Butala, M., Zgur-Bertok, D., and Busby, S.J. (2009). The bacterial LexA 500 

transcriptional repressor. Cell. Mol. Life Sci. 66, 82-93. 501 

35. Janion, C. (2008). Inducible SOS response system of DNA repair and mutagenesis in 502 

Escherichia coli. Int. J. Biol. Sci. 4, 338-344. 503 

36. Salles, B., and Weinstock, G.M. (1989). Interaction of the CRP-cAMP complex with 504 
the cea regulatory region. Mol. Gen. Genet. 215, 537-542. 505 

37. Shirabe, K., Ebina, Y., Miki, T., Nakazawa, T., and Nakazawa, A. (1985). Positive 506 

regulation of the colicin E1 gene by cyclic AMP and cyclic AMP receptor protein. 507 
Nucleic Acids Res. 13, 4687-4698. 508 

38. Butala, M., Sonjak, S., Kamensek, S., Hodoscek, M., Browning, D.F., Zgur-Bertok, 509 
D., and Busby, S.J. (2012). Double locking of an Escherichia coli promoter by two 510 
repressors prevents premature colicin expression and cell lysis. Mol. Microbiol. 86, 511 

129-139. 512 

39. Kamensek, S., Browning, D.F., Podlesek, Z., Busby, S.J., Zgur-Bertok, D., and 513 

Butala, M. (2015). Silencing of DNase colicin E8 gene expression by a complex 514 
nucleoprotein assembly ensures timely colicin induction. PLOS Genet. 11, e1005354. 515 

40. Mankovich, J.A., Hsu, C.H., and Konisky, J. (1986). DNA and amino acid sequence 516 
analysis of structural and immunity genes of colicins Ia and Ib. J. Bacteriol. 168, 228-517 
236. 518 

41. Pugsley, A.P. (1981). Transcription regulation of colicin Ib synthesis. Mol. Gen. 519 

Genet. 183, 522-527. 520 

42. Gillor, O., Etzion, A., and Riley, M.A. (2008). The dual role of bacteriocins as anti- 521 

and probiotics. Appl. Microbiol. Biotechnol. 81, 591-606. 522 

43. Ozeki, H., Stocker, B.A., and De Margerie, H. (1959). Production of colicine by 523 
single bacteria. Nature 184, 337-339. 524 

44. Foster, P.L. (2007). Stress-induced mutagenesis in bacteria. Crit. Rev. Biochem. Mol. 525 
Biol. 42, 373-397. 526 

45. Cascales, E., Buchanan, S.K., Duche, D., Kleanthous, C., Lloubes, R., Postle, K., 527 
Riley, M., Slatin, S., and Cavard, D. (2007). Colicin biology. Microbiol. Mol. Biol. 528 
Rev. 71, 158-229. 529 



13 

46. Riley, M.A., and Chavan, M.A. (2007). Bacteriocins - Ecology and evolution, 530 

(Springer). 531 

47. Rodrigues, A.M., and Gardner, A. (2013). Evolution of helping and harming in 532 
heterogeneous groups. Evolution 67, 2284-2298. 533 

48. Pugsley, A.P. (1983). Autoinduced synthesis of colicin E2. Mol. Gen. Genet. 190, 534 
379-383. 535 

49. Ghazaryan, L., Soares, M.I., and Gillor, O. (2014). Auto-regulation of DNA 536 
degrading bacteriocins: molecular and ecological aspects. Antonie Van Leeuwenhoek 537 
105, 823-834. 538 

50. Marler, P. (1967). Animal communication signals: we are beginning to understand 539 

how the structure of animal signals relates to the function they serve. Science 157, 540 

769-774. 541 

51. Gardner, A., West, S.A., and Buckling, A. (2004). Bacteriocins, spite and virulence. 542 
Proc. Biol. Sci. 271, 1529-1535. 543 

52. Miller, M.B., and Bassler, B.L. (2001). Quorum sensing in bacteria. Ann. Rev. 544 

Microbiol. 55, 165-199. 545 

53. Stacy, A., McNally, L., Darch, S.E., Brown, S.P., and Whiteley, M. (2016). The 546 

biogeography of polymicrobial infection. Nat. Rev. Microbiol. 14, 93-105. 547 

54. Mallon, C.A., Elsas, J.D., and Salles, J.F. (2015). Microbial invasions: the process, 548 
patterns, and mechanisms. Trends Microbiol. 23, 719-729. 549 

55. Borenstein, D.B., Ringel, P., Basler, M., and Wingreen, N.S. (2015). Established 550 
microbial colonies can survive type VI secretion assault. PLOS Comput. Biol. 11. 551 

56. Bierne, H., Seigneur, M., Ehrlich, S.D., and Michel, B. (1997). uvrD mutations 552 

enhance tandem repeat deletion in the Escherichia coli chromosome via SOS 553 
induction of the RecF recombination pathway. Mol. Microbiol. 26, 557-567. 554 

57. Thomason, L.C., Costantino, N., and Court, D.L. (2007). E. coli genome manipulation 555 
by P1 transduction. Current protocols in molecular biology / edited by Frederick M. 556 
Ausubel ... [et al.] Chapter 1, Unit 1 17. 557 

58. Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. (1990). Basic 558 

local alignment search tool. J. Mol. Biol. 215, 403-410. 559 

59. Fernandez De Henestrosa, A.R., Ogi, T., Aoyagi, S., Chafin, D., Hayes, J.J., Ohmori, 560 
H., and Woodgate, R. (2000). Identification of additional genes belonging to the 561 
LexA regulon in Escherichia coli. Mol. Microbiol. 35, 1560-1572. 562 

60. Giel, J.L., Rodionov, D., Liu, M., Blattner, F.R., and Kiley, P.J. (2006). IscR-563 
dependent gene expression links iron-sulphur cluster assembly to the control of O2-564 

regulated genes in Escherichia coli. Mol. Microbiol. 60, 1058-1075. 565 



14 

61. Chen, Z., Lewis, K.A., Shultzaberger, R.K., Lyakhov, I.G., Zheng, M., Doan, B., 566 

Storz, G., and Schneider, T.D. (2007). Discovery of Fur binding site clusters in 567 
Escherichia coli by information theory models. Nucleic Acids Res. 35, 6762-6777. 568 

62. Lewis, L.K., Harlow, G.R., Gregg-Jolly, L.A., and Mount, D.W. (1994). Identification 569 

of high affinity binding sites for LexA which define new DNA damage-inducible 570 
genes in Escherichia coli. J. Mol. Biol. 241, 507-523. 571 

 572 



15 

FIGURES 573 

 574 
 575 
 576 

 577 
 578 
 579 
Figure 1. Spontaneous colicin production in colicinogenic strains is heterogeneous and is 580 
carried out by weaker cells. A) Single-cell colonies were imaged by confocal microscopy. 581 

The promoter of colicins E2, E7, E8, A and K and of the chromosomal gene umuD drives the 582 
transcription of GFP on a reporter plasmid (labeled ColE2R, ColE7R, ColE8R, ColAR, 583 
ColKR and UmuDR, respectively). Induction of the umuD promoter is representative of 584 
sustained SOS response. B) Frequencies of highly fluorescent cells (cells expressing colicins 585 

spontaneously) were quantified by flow cytometry in single-cell colonies of BZB1011 cells 586 
harboring colicin reporters (dark grey) or control plasmids (umuD reporter or pUA66 vector) 587 
(white). The labeling of the reporter plasmids is the same as in (A). The pairwise differences 588 

in the average frequency of highly fluorescent cells were significant for all reporter strains 589 
according to an ANalysis Of VAriance (ANOVA) and Tukey's HSD test (p-value < 0.05) 590 
with the exception of ColE8R, ColKR, and UmuDR strains. Error bars represent the standard 591 
deviation of four biological replicates. C) The growth of BZB1011 cells harboring the colicin 592 
E2 or the umuD reporter plasmids was monitored using fluorescence microscopy for two 593 

hours. The frequency of actively dividing cells is shown for cells with active or inactive 594 
colicin E2 or umuD promoters. The pairwise differences in means were significant based on 595 
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the Welch Two-Sided Two Sample t-test (p-value < 0.05). Error bars represent the standard 596 

deviation of three time courses for each strain. 597 
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 598 
 599 

 600 
Figure 2. Autoinduction (amplification of spontaneous colicin production through a 601 
positive feedback loop) is characteristic of some DNase colicins. A) Single-cell colonies 602 
were imaged by confocal microscopy. The promoter of colicins E2, E7, E8, A and K drives 603 

the transcription of GFP on a reporter plasmid (labeled ColE2R, ColE7R, ColE8R, ColAR 604 
and ColKR, respectively) in cells that also harbor the corresponding colicin plasmids (labeled 605 

pColE2, pColE7, pColE8, pColA and pColK, respectively). White arrows indicate patches of 606 
autoinducing cells in colonies containing natural plasmids pColE2 and pColE8. Only 607 
individual highly fluorescent cells or very small groups (maximum 2-3 cells) can be observed 608 

in the colony containing pColE7, suggesting that autoinduction is minimal for this colicin. B) 609 
Frequencies of highly fluorescent cells were quantified by flow cytometry in single-cell 610 

colonies of BZB1011 strains harboring both colicin and reporter plasmids (red), reporter 611 

plasmids only (dark grey) and controls (umuD reporter or pUA66 vector only) (white). The 612 

labeling of reporter and natural plasmids is the same as in (A). Frequencies of highly 613 
fluorescent cells are significantly larger (p-value < 0.05) in the presence of colicin plasmids 614 
for E2, E7, E8 and K (Welch One-Sided Two Sample t-tests). Error bars represent the 615 

standard deviation of four biological replicates. 616 
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 617 
 618 
 619 
Figure 3. Levels of spontaneous colicin production are readily modified in two ways: by 620 

modifying the DNA sequence of the LexA boxes in the colicin promoter or by altering 621 
the intracellular levels of cognate immunity protein. A) Single-cell colonies of BZB1011 622 
cells harboring reporter plasmids with colicin E2 promoters designed to have different 623 

affinities for LexA (high-affinity variant, labeled E2R-High, top; wild type, labeled E2R 624 
middle; low-affinity variant, labeled E2R-Low, bottom) were visualized using a 625 
stereomicroscope. The modifications to the wild-type sequences of the LexA boxes are 626 
shown in red. The Heterology Index (HI) of LexA boxes (two numbers shown under each 627 

DNA sequence) correlates with the frequency of cells that express colicin E2; the lower the 628 
HI, the higher the predicted affinity of LexA for the promoter. B) Frequencies of highly 629 
fluorescent cells were quantified by flow cytometry in single-cell colonies of BZB1011 630 
strains harboring the three reporter plasmids shown in (A). The pairwise differences among 631 
the three strains were all significant based on an ANOVA and Tukey's HSD test (p-value < 632 
0.05). C) Single-cell colonies of BZB1011 cells harboring the colicin E2 reporter were 633 
imaged using a stereomicroscope. Images of reporter (E2R) only cells in the presence or 634 
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absence of constitutively expressed E2 immunity protein (ImE2) were compared to cells also 635 

harboring the colicin E2 plasmid (E2). Overexpressing ImE2 in the presence of the colicin E2 636 
plasmid abolishes autoinduction. D) Frequencies of highly fluorescent cells were quantified 637 
by flow cytometry in single-cell colonies of the same strains as in (C). The average frequency 638 

of highly fluorescent cells in E2+ER was significantly larger than in the three other strains 639 
based on an ANOVA and Tukey's HSD test (p-value < 0.05). For (B) and (D) error bars 640 
represent the standard deviation of four biological replicates. 641 
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 642 
 643 
 644 
Figure 4. LexA regulation of colicin expression acts as a competition-sensing 645 

mechanism, upregulating colicin production when DNA damage is detected. A) 646 
BZB1011 cells harboring reporter plasmids, where the promoter of colicins A (left), E2 647 
(middle) and E8 (right) drives the production of GFP, were spotted on the left of each panel. 648 
Plain BZB1011 cells (top row) or colicin E8 or E2 producing cells (bottom row) were spotted 649 

on the right of each panel. Cells were grown for 12 hours and then imaged using a 650 
stereomicroscope. B) The same experiment as in (A) was performed except that BZB1011 651 
cells bearing a non-cleavable lexA allele and harboring reporter plasmids for colicins A (left), 652 

E2 (middle) and E8 (right) were spotted on the left of each panel. C) The same experiment as 653 
in (A) was performed, except that BZB1011 cells harboring the colicin A (left), E2 (middle) 654 
and E8 (right) plasmids as well as the corresponding reporter plasmids were spotted on the 655 
left of each panel. For all panels, the reporter plasmid for the promoters of colicins A, E2 and 656 
E8 is labeled AR, E2R and E8R, respectively, while the natural colicin plasmid of colicins A, 657 

E2 and E8 is labeled A, E2 and E8, respectively. 658 
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 659 
 660 
 661 

Figure 5. The interaction of colicin upregulation due to competition sensing and 662 
autoinduction allows for the emergence of a coordinated attack behavior. A) A time 663 

course (Video S2) of the competition between two DNase-producing colicinogenic strains 664 
with the ability to autoinduce was recorded using a stereomicroscope and representative 665 

snapshots are shown here. BZB1011 cells harboring the colicin E2 and E8 plasmid and the 666 
corresponding reporters were spotted on the left and the right, respectively. B) A time course 667 
(Video S3) of the competition of two pairs of colicin producers was recorded using a 668 
stereomicroscope. Six snapshots are shown for each competition. A btuB-negative BZB1011 669 
strain producing colicin E8 was spotted on the right for both competitions. BZB1011 cells 670 

harboring the colicin E2 plasmid and the corresponding reporter (autoinducing strain) were 671 
spotted on the left, for the top six panels. BZB1011 cells constitutively overexpressing the E2 672 
immunity protein, harboring the colicin E2 plasmid and the corresponding reporter (non-673 
autoinducing strain) were spotted on the left, for the bottom six panels. For all panels, the 674 
reporter plasmid for the promoters of colicins E2 and E8 is labeled E2R and E8R, 675 
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respectively, while the natural colicin plasmid of colicins E2 and E8 is labeled E2 and E8, 676 

respectively. Overexpression of the immunity protein of colicin E2 is denoted by ImE2. 677 
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 678 
 679 
 680 

Figure 6. Autoinduction-driven coordination of toxin production provides a benefit to 681 
colicinogenic strains in defined conditions. A) BZB1011 cells harboring the colicin E2 682 

plasmid (autoinducing strain, left panels) or BZB1011 cells overexpressing the E2 immunity 683 
protein and harboring the colicin E2 plasmid (non-autoinducing strain, right panels) were 684 
spotted next to a GFP-labeled BZB1011 strain harboring the colicin E8 plasmid. Cultures of 685 

all colicinogenic strains were normalized. Colicin E2 and E8 producers were diluted to 10-2 686 

and 10-4, respectively in the top row and to 10-4 and 10-2, respectively in the bottom row. The 687 
natural colicin plasmid of colicins E2 and E8 is labeled E2 and E8, respectively while 688 
overexpression of the immunity protein of colicin E2 is denoted by ImE2. B) Colonies of 689 

colicin E2 producers are significantly better at spatially excluding colicin E8 invaders when 690 
they can signal for the presence of the competitor (autoinduction), whereas autoinduction 691 
does not provide any benefit when colicin E2 producers are spatially invading the territory of 692 
colicin E8 producers. An ANOVA confirms the significance of the differences for both the 693 
“ecological scenario” and “autoinduction” factors, and detects a strong interaction between 694 

the two factors (p<<0.05 in all three cases); the difference between autoinducing and non-695 
autoinducing E2 is significant in the exclusion (p<<0.05) but not in the invasion scenario 696 

(p>0.99) in comparisons based on Tukey Honest Significant Difference. Error bars represent 697 
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the standard deviation of eight biological replicates. C) Schematic representation of the 698 

coordinated attack behavior for autoinducing colicin producers. A focal strain, which is 699 
spontaneously producing toxins (left), is attacked by a competitor producing a DNA-700 
damaging toxin (right) (first panel). The focal strain senses the competitor's toxin and cells in 701 

the affected part of the colony, at the interface of the two strains, upregulate their colicin 702 
production in response (second panel). The released toxin affects the competitor and, at the 703 
same time, alerts the unaffected clonemates of the focal strain of the incoming threat (third 704 
panel). The rest of the colony upregulates its colicin production through autoinduction 705 
enabling the attacked focal strain to launch a massive counter-attack which eliminates the 706 

competitor (fourth panel). 707 
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 708 
 709 
 710 
Figure 7. Colicinogenic E. coli is capable of diverse and complex aggression strategies. 711 

There are two fundamentally different modes of toxin production for LexA-regulated 712 
colicins: 1) Colicins are constantly produced at basal levels by a small fraction of the cells 713 

that experiences LexA cleavage, lyses and releases colicins generating a pre-emptive attack 714 
(top left). 2) Colicin expression is strongly induced by genotoxic agents (red halo) originating 715 

from competing strains. In this case, LexA functions as a competition-sensing system and the 716 
exposed cells express colicin generating a responsive attack (bottom left). For both modes, if 717 

the colicin that is released is a DNase, its production may be locally amplified in a density-718 
dependent manner via autoinduction. For spontaneous colicin production (top right), 719 

autoinduction amplifies the intensity of the pre-emptive attack by concentrating the toxin 720 
production in specific areas on the colony. In the case of an incoming threat (bottom right), 721 
the combination of competition sensing and autoinduction leads to a massive coordinated 722 

attack, whereby cells unaffected by the competitor are alerted by their affected clonemates to 723 
contribute to the fight. 724 
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METHODS 725 

 726 
Construction of plasmids. Plasmids and oligonucleotides used in this study are listed in 727 
Tables S2 and S4, respectively. DNA manipulations were conducted using standard methods. 728 

KOD Hot Start DNA polymerase (Novagen) was used for all PCRs, unless stated otherwise, 729 
and all constructs were sequenced and confirmed to be correct before use. Oligonucleotides 730 
were synthesized by IDT. 731 
 732 
Reporter plasmids were generated using the pUA66 vector as described in [28]. More 733 

specifically, for the construction of pUA66-PcolE2::gfp, the colE2 promoter region (403 bps, 734 
from -259 to +144 from the ATG) was amplified from pColE2, using oligonucleotides P1 and 735 
P2, and cloned into the XhoI-BamHI sites of pUA66. pUA66-PcolE8::gfp and pUA66-736 
PumuD::gfp were generated in the same way except that the colE8 promoter region (444 bps, 737 
from -334 to +110 from the ATG) was amplified from pColE8 with primers P3 and P4 and 738 

the umuD promoter region (480 bps, from -344 to +136 bps from the ATG) was amplified 739 
from BZB1011 genomic DNA with primers P5 and P6. For the double reporter pUA66-740 

PcolE2::gfp-PumuD::mrfp1, a fusion of the promoter region of umuD with mrfp1 was cloned 741 
into the XhoI site of pUA66-PcolE2::gfp. The PumuD::mrfp1 insert was amplified using 742 
oligonucleotides P5 and P9 from the following two products: 1) the amplification product of 743 
primers P5 and P7 on pUA66-PumuD::gfp and 2) the amplification product of primers P8 and 744 

P9 on pUltraRFP-GM. 745 
 746 

To generate pGRG25-Pmax::gfp, the Pmax::gfp fragment was amplified from pUltraGFP-747 
GM using oligonucleotides P10 and P11, digested with PvuI and NotI and ligated into PacI-748 
NotI-digested pGRG25. To generate pGRG25-Pmax::immE2, two overlapping fragments, 749 

containing the Pmax promoter and the associated transcriptional terminator bridged by a 750 
newly designed multiple cloning site (MCS), were amplified from pUltraGFP-GM using 751 

oligonucleotides P14/P15 and P12/P13, respectively. These fragments were annealed and co-752 
amplified during a second PCR step, using oligonucleotides P13 and P14. The resulting DNA 753 

fragment was digested with PvuI and MluI and ligated into PacI-AscI-digested pGRG25. The 754 
E2 immunity gene was amplified from pColE2 using oligonucleotides P16 and P17, digested 755 
with NotI and AscI and cloned into the NotI-AscI sites of the new MCS of the modified 756 
pGRG25 plasmid. Both pGRG25-Pmax::gfp, and pGRG25-Pmax::immE2 were used to 757 

generate the BZB1011 (gfp) and BZB1011 (immE2) strains as described below. 758 
 759 
To generate a chloramphenicol resistant pColE2 plasmid (pColE2-Cm), the PstI-digested 760 
chloramphenicol resistance cassette from pSUP404.2 was blunted using T4 DNA polymerase 761 
(New England Biolabs), according to the manufacturer's protocol, A-tailed with OneTaq 762 

(New England Biolabs) for 10 minutes at 72°C and cloned into pGEM-T-easy (Promega). 763 
The cassette was extracted using NotI and cloned into the NotI-digested amplification 764 

product of oligonucleotides P18 and P19 on pColE2 (whole plasmid amplification using 765 
Phusion polymerase in HF buffer according to the New England Biolabs' protocol). The E2 766 
colicin operon was sequenced and found to be free of mutations. 767 
 768 
To generate the pUA66-PcolE2-H and pUA66-PcolE2-L reporter plasmids, oligonucleotides 769 

P20 and P21 (for pUA66-PcolE2-H), and P22 and P23 (for pUA66-PcolE2-L) were 770 
resuspended in molecular biology H2O at a final concentration of 10µM and annealed by 771 
slowly cooling down from 100°C to 25°C. This generated two different 89 bps double 772 
stranded DNA fragments, homologous to part of the ColE2 promoter (fragments H and L, 773 
respectively). A third fragment (pUA66-PcolE2 fragment) encompassing the whole pUA66-774 
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PcolE2::gfp plasmid except for part of the colE2 promoter containing the LexA boxes, was 775 

amplified with oligonucleotides P24 and P25 using Phusion polymerase in HF buffer 776 
according to the New England Biolabs' protocol. Fragments H or L were added to fragment 777 
pUA66-PcolE2 using the Gibson assembly Master Mix (New England Biolabs) according to 778 

the manufacturer's protocol, to generate plasmids pUA66-PcolE2-H or pUA66-PcolE2-L, 779 
respectively. Plasmid pColE2-Cm-H was generated in the same way by assembling fragment 780 
H and the amplification product of P24 and P25 onto pColE2-Cm. The colE2 promoter 781 
sequences in all three plasmids as well as the E2 colicin operon in pColE2-Cm-H were 782 
sequenced and found to be free of mutations. 783 

 784 
Construction of bacterial strains. Bacterial strains used in this study are listed in Table S3. 785 
The lexAind3 mutation was transduced from strain JJC443 [56] into BZB1011 using P1 786 
phages according to the protocol described in [57]. Transductants were selected on 10 µg ml-1 787 
tetracyclin and the presence of the lexAind3 mutation was confirmed by DNA sequencing. 788 

The btuB mutation was generated by growing cells next to an E8 colicinogenic strain on 1.5% 789 
w/v LB agar medium. De novo resistant colonies were isolated, their btuB gene was 790 

amplified, and the amplification product was sequenced. In all cases, the btuB gene was 791 
found to be disrupted by an endogenous transposon. 792 
 793 
For the generation of the BZB1011 (gfp) strain, BZB1011 cells were transformed with 794 

pGRG25-Pmax::gfp and selected on 100 µg ml-1 ampicillin at 30°C. The resulting strain was 795 
cultured for 12 hours in LB medium (10 g l-1 peptone, 5 g l-1 yeast extract, 10 g l-1 NaCl) at 796 

30°C in the absence of ampicillin and in the presence of 0.5% w/v arabinose. 5µl of this 797 
culture were streaked onto 1.5% w/v LB agar medium containing 0.5% w/v arabinose and 798 
incubated at 42°C for 12 hours Fluorescent colonies were selected, streaked onto 1.5% w/v 799 

LB agar medium and incubated at 42°C for 12 hours. Resulting colonies were tested for 800 
ampicillin sensitivity and for the presence of the Pmax::gfp fragment. The pColE8 natural 801 

plasmid was introduced into this strain using electroporation and selected on 1.5% w/v LB 802 
agar medium containing 50% v/v filter-sterilized spent medium obtained from an overnight 803 

culture of an E8 colicinogenic strain. The resulting strain was tested for production of colicin 804 
E8 using killing assays. 805 
 806 
For the generation of BZB1011 (immE2), BZB1011 cells were transformed with pGRG25-807 

Pmax::immE2 and selected on 100 µg ml-1 ampicillin at 30°C. The resulting strain was 808 
cultured for 12 hours in LB medium at 30°C in the absence of ampicillin and in the presence 809 
of 0.5% w/v arabinose. 5µl of this culture were streaked onto on 1.5% w/v LB agar medium 810 
containing 0.5% w/v arabinose and 50% v/v filter-sterilized spent medium obtained from an 811 
overnight culture of an E2 colicinogenic strain, and incubated at 42°C for 12 hours. Resulting 812 

colonies were streaked onto 1.5% w/v LB agar medium and incubated at 42°C for 12 hours. 813 
Colonies were tested for ampicillin sensitivity, presence of the Pmax::immE2 fragment, and 814 

resistance to colicin E2 (using killing assays). 815 
 816 
All reporter plasmids were introduced in the relevant strains using electroporation and 817 
selected on kanamycin at a final concentration of 50 µg ml-1. BZB1011 cells already 818 
harboring the natural colicin plasmids were used for all experiments described in this study 819 

with the exception of the experiments described in Figures 3CD and S6. In this case pColE2-820 
Cm and pColE2-Cm-H were introduced into the relevant strains by electroporation and 821 
selected on 1.5% w/v LB agar medium containing chloramphenicol at a final concentration of 822 
10 µg ml-1.  823 
 824 
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Bacterial growth conditions. All liquid cultures were grown in 5 ml LB medium in 50 ml 825 

polypropylene tubes; they were incubated for 12 hours at 37°C with shaking at 250 rpm. For 826 
the generation of single-cell colonies, 20 µl of a 106-fold dilution of an overnight culture 827 
were platted on 1.5% w/v LB agar medium and incubated for 12 hours at 37°C. When 828 

needed, kanamycin or gentamycin were added to the media at 50 µg ml-1 and 30 µg ml-1, 829 
respectively. 830 

 831 

For experiments described in Figure S1 and S6, 0.8% w/v LB agar medium was used. The 832 
dense colonies on the right-hand side of each panel were generated by spotting 10 µl of an 833 
overnight culture whereas the dilute non-producers of the left-hand side of each panel were 834 
generated by spotting 5 µl of a 106-fold dilution of an overnight culture. Plates were 835 
incubated at 37°C but the incubation time varied depending on the colicinogenic populations 836 

that were tested. Experiments described in Figure 4 and 6 were also carried out on 0.8% w/v 837 

LB agar medium. 10 µl or 5 µl of an overnight culture were spotted for all strains in Figure 4 838 

or 6A, respectively and the plates were incubated for 12 hours at 37°C. 839 
 840 
Flow cytometry. 1-4 µl of stationary- or exponential-phase cultures were diluted into 200 µl 841 
of filter-sterilized M9 medium without a carbon source (12.8 g l-1 Na2HPO4.7H2O, 3 g l-1 842 
KH2PO4, 0.5 g l-1 NaCl, 1 g l-1 NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2). Alternatively, small 843 

colonies were thoroughly resuspended into 250 µl of filter-sterilized M9 medium and the 844 
suspension was 10-fold further diluted in filter-sterilized M9 medium. Spots grown for 845 

competition experiments (in Figure 6) were thoroughly resuspended in 1 ml of filter-sterilized 846 
M9 medium. 4 µl of this suspension were further diluted into 200 µl filter-sterilized M9 847 
medium. All cell suspensions were analyzed on a BD Accuri C6 Flow Cytometer using 848 

10,000 and 8,000 as thresholds for the FSC and SSC parameters, respectively. When colonies 849 
or spots were used, the population of cells was further gated to avoid biases due to clumps. 850 

For each strain and condition, at least four biological replicates were analyzed and 20,000 851 
events were quantified per sample. 852 

 853 
Flow cytometry analysis. All flow cytometry data were analyzed with R (http://www.R-854 

project.org). 855 
 856 

When assessing the expression levels of reporter plasmids in colonies or liquid cultures (in 857 
Figures 1-3, S2, S3 and S5), a cell was classified as ‘highly fluorescent’, if its fluorescence 858 
value FL1 (FL) was at least 3 times higher than the median of the population; the cell size 859 

(FSC) was also taken into account in the calculation. This relationship is given by the 860 
following equation where FL and FSC values are log2 transformed: 861 

 862 
3 ∗ [𝑐𝑒𝑙𝑙 𝐹𝐿] − [𝑐𝑒𝑙𝑙 𝐹𝑆𝐶] − 3 ∗ [𝑚𝑒𝑑𝑖𝑎𝑛 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐹𝐿] + [𝑚𝑒𝑑𝑖𝑎𝑛 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐹𝑆𝐶] − 6 > 0 863 
 864 
When quantifying the abundance of different populations in competition experiments (in 865 

Figure 6), only events within the core of the cell population were considered in order to 866 
minimize count biases. Practically, the density of the bacterial population was calculated on 867 
the FSC and SSC dimensions and only events within the denser part of the population were 868 
further processed. The minimal FL threshold value empirically chosen to discriminate cells 869 
bearing the Tn7::Pmax::gfp construct was 29.5. Counts shown in Figure 6B are based on the 870 

first 3000 events recorded that met our selection criteria. 871 
 872 
Imaging. Still pictures of colonies (in Figure S1) were generated using an EOS 30D DSLR 873 

camera (Canon). Images for Figures 3, 4, 6 and S6 were acquired using a Zeiss PlanApo Z 874 
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0.5×objective on an AxioZoom.V16 microscope (Zeiss) with the associated Zen software; 875 

entire plates were imaged without disturbing the agar surface. Confocal imaging of single 876 
cell-colonies (in Figures 1, 2, S2, S4, S5) was carried out using a Zeiss Plan-Apochromat 10x 877 
objective on a Zeiss LSM700 scanning laser confocal unit with the associated Zen software; a 878 

square piece of 1.5% w/v LB agar medium containing the entire colony was cut out and 879 
placed on slides without a coverslip. For epifluorescent microscopy (in Figure S2), 5 µl of an 880 
overnight culture were placed onto a square piece of 1.5% w/v LB agar medium and covered 881 
with a n° 1.5 cover slip. Imaging was done using a Zeiss Axio Observer inverted microscope 882 
with a Zeiss Plan-Apochromat 63x oil immersion objective (NA=1.4), a Zeiss AxioCam 883 

MRm camera, a Zeiss Definite Focus system and the associated Zen software. For each 884 
experiment, all microscope images were acquired and processed using identical settings. 885 
 886 
To record time courses at a single-cell level (in Figure 1 and Video S1), 5 cm diameter glass 887 
bottom Petri dishes with a 3-cm diameter uncoated n° 1.5 glass window (MatTek 888 

Corporation) were used. 8 µl of a 2-fold dilution of an overnight culture were placed onto a 889 
2.8 cm diameter (0.5 cm thickness) 1.5% w/v LB agar slab which was, in turn, placed face 890 

down on the glass bottom window of the Petri dish so that the cells were sandwiched between 891 
the glass and the solid LB medium. Subsequently, the slab was completely encased with 892 
1.5% w/v LB agar and the Petri dish was positioned on a heated stage at 37°C. The Zeiss 893 
Axio Observer inverted microscope with a Zeiss Plan-Apochromat 63x oil immersion 894 

objective (NA=1.4), a Zeiss AxioCam MRm camera, and a Zeiss Definite Focus system was 895 
used and images were acquired every 1 or 2 min., depending on the experiment, for up to two 896 

hours. For the data presented in Figure 1C, three biological replicates of each time course 897 
were carried out, and for each replicate 16 fields of view were recorded at each timepoint. 898 
 899 

To record time courses of competition experiments (in Figure 5 and Videos S2 and S3), 5 µl 900 
of each washed and normalized overnight culture were spotted onto 0.8% w/v LB agar 901 

medium on 5 cm diameter Petri dishes. The latter were placed face up and were covered by 902 
the heated stage used for single-cell time courses; the heating element of the stage was in full 903 

contact with the lid of the plate. A large n° 1.5 cover slip was used to cover the viewing 904 
window of the stage in order to avoid condensation in the interior of the Petri dish. Images 905 
were acquired at 37°C every 5 min for up to 19 hours using the Zeiss PlanApo Z 906 
0.5×objective on the AxioZoom.V16 microscope (Zeiss) with the associated Zen software. 907 

 908 
Bioinformatics. The NCBI Plasmid database (last updated July 2015) was searched for 909 
homologues of colicins using blastp [58] (evalue < 1e-10, percent identity > 40). The NCBI 910 
gi numbers of the querries used are the following: Alveicin A (499491735), Alveicin B 911 
(49234738), Cloacin DF13 (10955256), Col10 (807876), Col5 (1212893), ColA (9507292), 912 

ColB (727400684), ColD (695196167), ColE1 (9507254), ColE2 (204309820), ColE3 913 
(695196661), ColE4 (754716641), ColE5 (587677783), ColE6 (144395), ColE7 (144375), 914 

ColE8 (242347932), ColE9 (222098967), ColFY (410688433), ColIa (695197212), ColIb 915 
(9507452), ColK (61965912), ColM (169546453), ColN (748133257), ColR (542675452), 916 
ColS4 (5295807), ColU (695198141), ColV (84060908), ColY (10955435), Klebicin B 917 
(11342751). To identify the regulators of colicin genes, the 200 bps upstream the start codon 918 
(ATG) of each gene (considered the ‘promoter region’) were analyzed for potential binding 919 

sites. The presence of a CRP binding site was inferred if the sequence ‘CTGTATAT’ was 920 
included in the promoter region, with one mismatch authorized. LexA, IscR or FUR binding 921 
sites were identified using the heterology index (HI) measure. For this, a positional matrix 922 
model was built on the basis of a list of known LexA [59], IscR type 1 [60] and FUR [61] 923 
binding sites. HI provides a measure for heterology between an examined sequence and the 924 
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generated model and it is calculated following the method described in [62]; high HI values 925 

mean low affinity of the regulator for the binding site. Maximal thresholds chosen for LexA, 926 
IscR and FUR were 14, 30 and 14, respectively. 927 
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LEGENDS FOR SUPPLEMENTAL VIDEOS 928 

 929 
Video S1 (related to Figure 2). Spatial proximity is crucial for autoinduction. A time 930 
course was recorded by fluorescence microscopy using BZB1011 cells harboring the colicin 931 

E8 natural plasmid and its reporter plasmid, where the promoter of colicin E8 drives the 932 
production of GFP. Propidium iodide was added to the cells; when a cell becomes permeable 933 
(lyses) binding of propidium iodide to its DNA displays red fluorescence. Lysis of the only 934 
cell producing colicin in the field of view (initially green and subsequently red), leads to 935 
induction of colicin expression in its neighboring cell which in turn expresses colicin (marked 936 

by GFP production, green) and subsequently lyses (red). The two cells that are flanking the 937 
lysing pair elongate and divide irregularly as they are also affected by the released DNase 938 
toxin, but do not produce colicin. The remaining cells in the field of view are not affected and 939 
divide regularly. The video is presented at 7 frames/sec and the interval between frames is 1 940 
min. 941 

 942 
Video S2 (related to Figure 5). Competition sensing and autoinduction drive an 943 

escalation in colicin production between two DNAse-producing strains. A time course of 944 
the competition between two DNase-producing colicinogenic strains with the ability to 945 
autoinduce was recorded using a stereomicroscope. BZB1011 cells harboring the colicin E2 946 
and E8 plasmid and the corresponding reporters were spotted on the left and the right, 947 

respectively. The video is presented at 5 frames/sec and the interval between frames is 5 min. 948 
 949 

Video S3 (related to Figure 5). The combination of colicin upregulation due to 950 
competition sensing and autoinduction allows for the emergence of a coordinated-attack 951 
behavior. A time course of the competition between two pairs of colicin producers was 952 

recorded using a stereomicroscope. In order for the two competitions to be comparable, a 953 
btuB-negative BZB1011 strain producing colicin E8 was used (spotted on the right for both 954 

competitions). This strain is immune to the toxin of its competitor and produces a constant 955 
amount of its own toxin (basal production without autoinduction or competition sensing). 956 

BZB1011 cells harboring the colicin E2 plasmid and the corresponding reporter 957 
(autoinducing strain) were spotted on the left, for the top pair. BZB1011 cells constitutively 958 
overexpressing the E2 immunity protein and harboring the colicin E2 plasmid and the 959 
corresponding reporter (non-autoinducing strain) were spotted on the left, for the bottom pair. 960 

The video is presented at 5 frames/sec and the interval between frames is 5 min. 961 
 962 
 963 
LEGENDS FOR SUPPLEMENTAL FILES 964 
 965 

File S1. A) (Tab 1, related to Figure S1) Close homologues of known colicin activity 966 
proteins found in the NCBI plasmid database. The presence of IscR, CPR, FUR and LexA 967 

binding sites is indicated by green, yellow, pink and purple shading, respectively. Sites with 968 
high (score < 20) and lower (score > 20) predicted affinity for IscR are marked with dark 969 
green and light green, respectively. The number of binding sites for LexA and their relative 970 
score (cutoff of 14) are also indicated. Tandem LexA sites (less than 20 bp apart in sequence) 971 
are marked with an asterisk. B) (Tab 2, related to Figure 2) E. coli strains capable of 972 

cross-autoinduction. Some colicinogenic strains contain a colicin gene with predicted 973 
DNase activity and at least one more LexA-regulated colicin gene. This which exposes them 974 
to cross-autoinduction. The genomes of 4,017 E. coli strains in the NCBI database were 975 
searched for colicin homologs using blastp [58] (evalue < 1e-10, percent identity >70%, 976 
coverage >70%). LexA binding sites were predicted on the 200 bps upstream the start codon 977 
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of the putative colicin genes as described in the “Methods” section. 21 strains were found to 978 

contain a colicin with predicted DNase activity and at least one more LexA-regulated colicin 979 
gene. 980 
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Figure S1 (related to Figure 1). Spontaneous colicin production is widespread and 

biologically significant. A) The graph shows the frequency of occurrence of binding sites for 

the SOS repressor LexA, the metabolic stress regulators IscR and CRP, and the iron limitation 

regulator FUR in the promoter region of genes encoding colicin-like proteins. Type I plasmids 

are as large as 10 kb and type II plasmids are larger than 10 kb. LexA is the most common 

regulator of colicin-like toxins in Enterobacteria. It is found to regulate the expression of 

colicins of any toxicity (i.e. DNases, all types of RNases and pore-forming toxins); in E. coli 

strains DNase colicins are almost always regulated by LexA. FUR is the second most 

common regulator of colicin-like toxins. It responds to iron availability, which is most likely a 

proxy for starvation stress, and it regulates mainly pore-forming toxins in small plasmids or 



 

 

colicins encoded by large (type II) plasmids. B) Spontaneous toxin production driven by 

LexA is common across colicinogenic strains. On the right of each panel a dense 

colicinogenic population was grown for 12 (solid line contours) or 24 hours (dotted line 

contours). A 106-fold dilution of an overnight culture of a non-colicinogenic population was 

grown to the left of each producer for 12 hours. The label on top of each panel refers to the 

natural colicin plasmid harbored by the dense bacterial population. Control experiments with 

a non-colicinogenic strain are shown in the right inset; the same strain background was used 

for all populations. The left inset shows the experimental setup and what is to be expected in 

the presence or absence of the natural colicin plasmid. 



 

 
 

 

Figure S2 (related to Figure 1). The frequency of spontaneous colicin production is 

heterogeneous, but it is higher than that of stringent SOS response. A) The frequency of 

spontaneous colicin expression varies depending on the growth phase. The graphs show the 

frequency of cells with high GFP expression in liquid culture in exponential phase (OD600 = 

0.3) and stationary phase (24-hour culture) in the wild type BZB1011 strain (dark grey) or in 

an isogenic BZB1011 strain bearing a non-cleavable lexA allele (light grey); both strains are 

harboring reporter plasmids where the promoter of colicins E2, E7, E8, A and K drives the 

transcription of GFP (labeled ColE2R, ColE7R, ColE8R, ColAR and ColKR, respectively). 

Controls (reporter plasmid for the chromosomal gene umuD (UmuDR) in both strains, and 

plain cells of both strains) are shown in white. Frequencies of highly fluorescent cells were 

quantified by flow cytometry and error bars represent the standard deviation of four biological 

replicates. The activity of all reporter plasmids, except ColE7, was significantly different from 

exponential to stationary phase cultures (Welch Two-Sided Two Sample t-tests; p-value < 

0.05). In the lexA background, in exponential phase there was no significant difference in the 

average frequency of highly fluorescent cells between the UmuD reporter and any of colicin 

reporters (ANOVA and Tukey's HSD tests; p-value > 0.05); in stationary phase, only the 

ColK reporter differed significantly from the UmuD reporter (p-value < 0.05), which is 



 

 

expected since the expression of colicin K is known to be partially independent of LexA and 

driven by stringent response [1]. Error bars represent the standard deviation of four biological 

replicates. B) Most cells undergoing spontaneous colicin production are not undergoing 

stringent SOS response. The promoter of colicin E2 drives the transcription of GFP (labeled 

ColE2R (GFP)) and the promoter of umuD drives the transcription of RFP (labeled UmuDR 

(RFP)) on the same reporter plasmid replicating in BZB1011 cells. The top row shows the 

GFP (left) and RFP (right) channels during confocal imaging of a single-cell colony. The 

bottom row shows the GFP/brightfield (left) and RFP/brightfield (right) fluorescence 

microscopy images of single cells. C) The graph shows the percentage of single cells in the 

population expressing GFP only (green bar) or GFP along with RFP (red bar) when the dual 

colE2/umuD-reporter plasmid described in (B) was used, as observed by fluorescence 

microscopy. The percentages have been calculated on a total of at least 11,000 cells. Error 

bars represent the standard deviation of three biological replicates. 



 

 
 

 

Figure S3 (related to Figure 2). Autoinduction occurs in liquid culture for LexA-

regulated colicins. The frequency of highly fluorescent cells was quantified by flow 

cytometry in liquid cultures in exponential phase (OD600 = 0.3) and stationary phase (24-

hour culture) for BZB1011 strains harboring both colicin and reporter plasmids (red), reporter 

plasmids only (dark grey) and controls (umuD reporter or pUA66 vector only) (white). 

Reporter plasmids for the promoters of colicins E2, E7, E8, A and K or for the chromosomal 

gene umuD are labeled ColE2R, ColE7R, ColE8R, ColAR, ColKR and UmuDR, respectively 

while the natural plasmids of the same set of colicins are labeled pColE2, pColE7, pColE8, 

pColA and pColK. Frequencies of highly fluorescent cells are significantly larger (p-value < 

0.05) in the presence of colicin plasmids for E8 and K in exponential phase and for E2 and E8 

in stationary phase (Welch One-Sided Two Sample t-tests). Error bars represent the standard 

deviation of four biological replicates. 



 

 
 

 

Figure S4 (related to Figure 2). Spatial proximity is crucial for the occurrence of 

autoinduction. A) The area of colicin producing patches and the frequency of induced cells 

increase in autoinducing populations (E2 and E8 colicin producers) as colonies become older. 

For each colicin producer the same single cell-colony was imaged by confocal microscopy 

after 12, 14 and 16 hours of growth. The promoters of colicins E2, E7 and E8 drive the 

transcription of GFP on a reporter plasmid (labeled ColE2R, ColE7R and ColE8R, 

respectively) harbored by BZB1011 cells. Natural plasmids for the same colicins are labeled 

pColE2, pColE7 and pColE8. White arrows on the left panels indicate patches of 

autoinducing cells. Over time, the center of the colony becomes saturated with toxins and 

autoinduction becomes general. B) A time course (Video S1) of BZB1011 cells harboring the 

colicin E8 plasmid (pColE8) and the corresponding reporter (ColE8R) was recorded by 

fluorescence microscopy and representative snapshots are shown here. Propidium iodide was 

added to the medium to monitor cell lysis (cells that become permeable fluoresce red). White 

arrowheads indicate the bacterial cell which is initially producing colicin (green, first panel) 

and black arrowheads indicate its neighbor (green, second panel) which is affected by the 

lysis of this producer (red, second panel). By observing the timescales of the two events in the 

video and taking into account that significant amounts of colicin leak out prior to the producer 



 

 

lysing [2], it is likely that the second cell started expressing colicin (green, second panel) as a 

direct result of exposure to the large amount of DNase toxin produced by its neighbor. 

Consistent with this, the two cells which are flanking the producing pair elongate and divide 

irregularly, affected by the presence of the DNase in the medium, however they do not 

produce colicin. The remaining cells in the field of view are not affected. 



 

 
 

 

Figure S5 (related to Figure 2). Autoinduction in colicinogenic populations occurs via 

uptake of external DNase-colicin molecules through their natural colicin receptor. A) 

Single-cell colonies were imaged by confocal microscopy. A BZB1011 strain where the btuB 

receptor gene is non-functional (due to a transposon insertion) was compared to the wild-type 

strain. A representative example is shown here; the promoter of colicin E2 drives the 

transcription of GFP on a reporter plasmid (ColE2R) in cells that do or do not carry the 

natural colicin E2 plasmid (pColE2). B) Frequencies of cells expressing colicin (cells with 

high GFP expression) in single-cell colonies of BZB1011 harboring both colicin and reporter 

plasmids are shown in red for the wild-type strain and in light red for the receptor mutant. 

Cells harboring colicin reporters only are shown in dark grey for the wild-type strain and in 

light grey for the receptor mutant. Reporter plasmids for the promoters of colicins A, E2 and 

E8 are labeled ColAR, ColE2R and ColE8R, respectively, while natural colicin plasmid of 

colicins A, E2 and E8 are labeled pColA, pColE2 and pColE8, respectively. Highly 

fluorescent cells were quantified by flow cytometry and error bars represent the standard 

deviation of four biological replicates. C) Schematic representation of the mechanism of 

autoinduction. External molecules of a DNase colicin (green spheres) that have been 

spontaneously released by neighboring clonemates, are uptaken via their natural colicin 

receptor. If the immunity molecules (blue cylinders) of the recipient producer cell in the same 

population are not sufficient, the internalized DNase molecules cause DNA damage (see also 



 

 

Figure 3C and D), generation of single-stranded DNA intermediates as repair is taking place, 

RecA activation and LexA cleavage. LexA cleavage, in turn, leads to transcription of the 

colicin gene and to abundant colicin production in the recipient cell. 



 

 
 

 

Figure S6 (related to Figure 3). The toxicity conferred by the colicin E2 natural plasmid 

decreases when the promoter of the toxin contains a high-affinity LexA binding site. A) 

On the right of each panel normalized dense bacterial populations were spotted. These were 

BZB1011 non-colicinogenic cells (labeled Neg.), BZB1011 cells harboring a 

chloramphenicol-resistant wild-type colicin E2 plasmid (labeled E2) or a chloramphenicol-

resistant plasmid where the transcription of the colE2 gene is driven by the promoter with a 

high-affinity LexA site described in Figure 3A (labeled E2-High). Next to each dense 

population a 106-fold dilution of an overnight culture of a non-colicinogenic population was 

spotted. The competitions were photographed and surviving colonies were counted after 

overnight incubation (12 hours) at 37°C. B). The graph shows the average colony counts for 

each competition experiment. As expected, the toxicity conferred by the plasmid variant 

containing the high-affinity promoter is significantly lower than that of the wild-type plasmid 

(p-value<0.01, Student's t-test). Error bars represent the standard deviation of four biological 

replicates. 



 

SUPPLEMENTAL TABLES 

 

 

Table S1 (related to Figure 1). Origin and molecular characteristics of colicins which were 

extensively used in this study. 

 

Colicin 

plasmid 
Original species Cytotoxicity Group Receptor Import 

pColE2 Escherichia coli DNase A BtuB OmpF/TolABQR 

pColE7 Escherichia coli DNase A BtuB OmpF/TolABQR 

pColE8 Escherichia coli DNase A BtuB OmpF/TolABQR 

pColA Citrobacter freundii Pore A BtuB OmpF/TolABQR 

pColK Escherichia coli Pore A Tsx OmpF/OmpA/TolABQR 

 



 

Table S2 (related to Methods). Plasmids used in this study. 

 

Name Description Source 

pColA Colicin A natural plasmid [3]* 

pColB Colicin B natural plasmid [3]* 

pColD Colicin D natural plasmid [3]* 

pColE1 Colicin E1 natural plasmid [3]* 

pColE2 Colicin E2 natural plasmid [3]* 

pColE3 Colicin E3 natural plasmid [3]* 

pColE4 Colicin E4 natural plasmid [3]* 

pColE5 Colicin E5 natural plasmid [3]* 

pColE6 Colicin E6 natural plasmid [3]* 

pColE7 Colicin E7 natural plasmid [3]* 

pColE8 Colicin E8 natural plasmid [3]* 

pColK Colicin K natural plasmid [3]* 

pColN Colicin N natural plasmid [3]* 

pUA66 pUA66 vector, promotorless GFP, KanR This study 

pUA66-PcolA::gfp GFP transcribed from colA promoter, pUA66 [4] 

pUA66-PcolE2::gfp GFP transcribed from the colE2 promoter, pUA66 This study 

pUA66-PcolE7::gfp GFP transcribed from the colE7 promoter, pUA66 [4] 

pUA66-PcolE8::gfp GFP transcribed from the colE8 promoter, pUA66 This study 

pUA66-PcolK::gfp GFP transcribed from the colK promoter, pUA66 [4] 

pUA66-PumuD::gfp GFP transcribed from the umuD promoter, pUA66 This study 

pUA66-PcolE2::gfp-

PumuD::mrfp1 

GFP transcribed from the colE2 promoter and mRFP1 

transcribed from the umuD promoter, pUA66 

This study 

pGRG25 Plasmid encoding a Tn7 transposon and arabinose-

inducible tnsABCD; thermosensitive origin of replication 

pSC101. 

[5] 

pUltraGFP-GM Plasmid providing constitutive mRFP1 expression from a 

strong synthetic Biofab promoter, p15A origin of 

replication, GentR 

[6] 

pGRG25-Pmax::gfp Pmax::gfp construct from pUltraGFP-GM cloned within 

the Tn7 of pGRG25 

This study 

pGRG25-Pmax::immE2 Pmax::immE2 construct cloned within the Tn7 of pGRG25 This study 

pColE2-Cm pColE2 with chloramphenicol resistance inserted 

downstream of the E2 colicin operon 

This study 

pColE2-Cm-H Modified version of pColE2-Cm in which the promoter of 

the colE2 gene contains a high-affinity LexA box 

This study 

pUA66-PcolE2-L GFP transcribed from a modified colE2 promoter 

containing low-affinity LexA-boxes, pUA66 

This study 

pUA66-PcolE2-H GFP transcribed from a modified colE2 promoter 

containing a high-affinity LexA box, pUA66 

This study 

pSUP404.2 Origin of chloramphenicol resistance cassette [7] 
 
*Information on the origin of natural colicin plasmids used in this study can be found in [3]. 



 

Table S3 (related to Methods). Bacterial strains used in this study. 

 

Name Description Source 

JJC443 lexAind3 malF::Tn10 [8] 

BZB1011 W3110, gyrA, StrR [9] 

BZB1011 (lexA) BZB1011, lexAind3 This study 

BZB1011 (btuB) BZB1011, btuB This study 

BZB1011 (gfp) BZB1011 Tn7::Pmax::gfp This study 

BZB1011 (immE2) BZB1011 Tn7::Pmax::immE2 This study 

 

 

Table S4 (related to Methods). Oligonucleotide primers for cloning used in this study. 

 

Name DNA sequence (5´-3´) 

 P1 AACTCGAGAGACCTGGCATGAGTGGAAG 

 P2 AAGGATCCCTACACCAAGCCCGGTCG 

 P3 AACTCGAGCCGTCAACTCGGATTTAATCAG 

 P4 AAGGATCCGAACCATCAGAAGCACCACC 

 P5 AACTCGAGTGTAATGAAACTCCTGTTTTACAAC 

 P6 AAGGATCCGGATCAACAGTTGATTCAGATC 

 P7 ACTACTTGCCATATGTATATCTCCTTCTTAAATCTAGAGG 

 P8 GGAGATATACATATGGCAAGTAGTGAAGACGTTATC 

 P9 GGCTCGAGGGAAGCCTGCATAACGCG 

 P10 AGGCGATCGGAGCTCCTTTCGCTAAGGATGATTTCTGG 

 P11 AGGGCGGCCGCTTAATTAAGAGCTCGAGTCAGTGAGCGAGGAAGC 

 P12 GGTCAATAGCGGCCGCCACTCTAGCACCTAGGAGGCGCGCCGGATCCAAC

AGGGTTCTCGAG 

 P13 ACCACGCGTATTACCGCCTTTGAGTGAGCTG 

 P14 CGATCGCGTATCACGAGGCAGAATTTCAG 

 P15 CGAGTGGCGGCCGCTATTGACCCGGGCCCATCTGATTAATTAACTTATTTT

GCATCCATGAATCTATTATAGG 

 P16 AGGGCGGCCGCAAATCAACACCGCAACACACGAATTATCATTTATGGAAC

TGAAACATAGTATTAGTGATTATACCGAG 

 P17 AAAGGCGCGCCTCAGCCCTGTTTAAATCCTGACTTACC 

 P18 AGCGGCCGCATCACCTAAATATGACCGTTACTTTCTTC 

 P19 AGCGGCCGCGTTGCATAACTATGCACGAAAGC 

 P20 GAAAAAACGATGACGGGTACTTTTTGTACTGTATATAAAACCAGTGGTTT

TATGTACAGTATTAATCATGTAATTAATTGTTTTAACGC 

 P21 GCGTTAAAACAATTAATTACATGATTAATACTGTACATAAAACCACTGGT

TTTATATACAGTACAAAAAGTACCCGTCATCGTTTTTTC 

 P22 GAAAAAACGATGACGGGTACTTTTTGGTCTGTACATAAAACCAGTGATTT

TATGTACAGTATTAATCATGTAATTAATTGTTTTAACGC 

 P23 GCGTTAAAACAATTAATTACATGATTAATACTGTACATAAAATCACTGGT

TTTATGTACAGACCAAAAAGTACCCGTCATCGTTTTTTC 

 P24 CAAAAAGTACCCGTCATCGTTTTTTCTG 

 P25 TTAATCATGTAATTAATTGTTTTAACGCTTAAAAGAGG 
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