
 

 

1 

 

 

 
 
 
 
 

Supporting Information for 
The evolution of spectrum in antibiotics and bacteriocins 
 
 
Jacob D. Palmer and Kevin R. Foster 
 
Jacob D. Palmer 
Email: jacob.palmer@biology.ox.ac.uk 
 
Kevin R. Foster 
Email: kevin.foster@biology.ox.ac.uk 
 
 
This PDF file includes: 
 

Supporting text 
Figures S1 to S7 
Tables S1 to S3  
SI References  

 
 
 

 

 

 



 

 

1 

 

Supporting Information Text 

 

Methods  
 
 

Parameter sweeps 

We use a core default set of parameters throughout to facilitate comparison between models 

and results (Table S3). However, we performed a number of parameter sweeps to confirm 

the robustness of our findings to changes in key parameters, including initial pool of 

nutrients (N), degree of niche overlap (Ω), toxin killing efficiency (E), growth rate (r), toxin 

absorption (θ), and differences in starting abundances (Figure S2, Figure S3).  

Throughout, the parameters studied focus on conditions where toxin use is under 

positive natural selection because, if toxin use is disfavored, the evolution of spectrum 

becomes irrelevant e.g., when there is a very low toxin killing efficiency (E). One 

consequence of this is that we need to use a higher default value for toxin-killing efficiency 

for the second model, which uses cell-density dependent toxin degradation, than for the 

first model that uses constant degradation. This change is needed to avoid the toxins 

becoming ineffective in the second model where degradation rates can become high. 

However, we show that our conclusions hold when toxin-killing efficiency is decreased, or 

increased, within the range where toxin production is under positive natural selection 

(Figure S2d).   

 

16S rRNA Phylogeny and Statistical Analysis 

16S rRNA sequences for each species with a toxin included in the analysis were 

downloaded from the SILVA database and selected based on maximum sequence quality.  

Alignment was carried out using MEGA X with default settings, alignment by 

ClustalW(1), with a gap opening penalty of 15 and a gap extension penalty of 6.66.  The 

evolutionary history was inferred by using the Maximum Likelihood method and Tamura-

Nei model(2). The tree with the highest log likelihood (-9094.78) is shown, using 1500 

bootstrap replications. The percentage of trees in which the associated taxa clustered 

together is shown next to the branches. Initial tree(s) for the heuristic search were obtained 

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise 

distances estimated using the Tamura-Nei model, and then selecting the topology with 
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superior log likelihood value. A discrete Gamma distribution was used to model 

evolutionary rate differences among sites (5 categories (+G, parameter = 0.6027)). The rate 

variation model allowed for some sites to be evolutionarily invariable ([+I], 27.72% sites). 

The tree is drawn to scale, with branch lengths measured in the number of substitutions per 

site. This analysis involved 25 nucleotide sequences. All positions with less than 90% site 

coverage were eliminated, i.e., fewer than 10% alignment gaps, missing data, and 

ambiguous bases were allowed at any position (partial deletion option). There were a total 

of 1324 positions in the final dataset. Evolutionary analyses were conducted in MEGA 

X(3). 

 For the meta-analysis, we repeat the phylogenetic analysis as described above, but 

must include repeat 16S reference sequences for each species which has >1 toxin.  We 

exported the phylogeny (phylo) in .nex file format as input for the binaryPGLMM(4, 5) 

package in R.  Spectrum of activity was recorded on a scale of 1 to 3 (Spectr), as 

demonstrated in Figure 5, and regulation was categorized based on the presence or absence 

of density-dependent regulation (DDR).  Model specifications were as follows:  

binaryPGLMM(formula = DDR~as.factor(Spectr), phy = phylo, data = dater).  Model 

outputs are reported as the log-odds ratio (β) of density-dependent regulation (DDR = 1) 

for a broad-spectrum toxin (Spectr = 3) or intermediate spectrum toxin (Spectr = 2) 

compared to a narrow-spectrum toxin (Spectr = 1); as well as standard error (S.E.), z-score 

and p-value. p-values < 0.05 considered statistically significant. 

To ensure the statistical outcomes are not inappropriately biased by the specific 

model selected, we subsequently repeated the statistical analysis with the Bayesian 

MCMCglmm(6) package in R using the same phylogeny used to generate Figure 5b.    We 

are investigating a correlation between spectrum of activity and density-dependent 

regulation, and therefore we use spectrum of activity as a fixed effect and the inverse of 

the phylogeny matrix as a random effect.  We use a weakly informative Gelman prior for 

the fixed effect(7, 8), an inverse Wishart distribution for the random effect, and set residual 

variance to one. Collectively, we model the Bayesian analysis after ref (8).  Code for prior 

and model specification was as follows: prior <- list(B=list(mu=c(0,0), 

V=gelman.prior(~as.factor(Spectr), data=dader, scale=1+1+pi^2/3)), R=list(V=1, fix=1), 

G=list(G1=list(V=diag(1)*0.1, nu=1))).  model_b<-MCMCglmm(DDR~as.factor(Spectr), 
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random=~Bacteria, family="categorical", ginverse=list(Bacteria=inv.filo1$Ainv), 

verbose=FALSE, prior=prior, data=dader, scale = F, slice = T, nitt = 1000000, burnin = 

5000, thin = 50).  Model outputs are reported as the posterior distribution mean (μ), which 

is the log-odds ratio of density-dependent regulation (DDR = 1) for a broad-spectrum toxin 

(Spectr = 3) or intermediate spectrum toxin (Spectr = 2) compared to a narrow-spectrum 

toxin (Spectr = 1); 95% credible intervals (CI), and pMCMC-values, each of which are the 

average of three individual runs of the model.   

We use both binaryPGLMM and MCMCglmm for our meta-analysis, as has been 

done previously(9). Full statistical results are provided in Table S2.   
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Figure S1 Identifying ESS toxin production rate across spectrum values.  a)  

Ecological scenario, where both the focal strain (red) and the conspecific strain 

(blue) produce a toxin with equal spectrum.  Each species is then able to explore 

all parameter space for production rate (γ = 0 to γ = 0.95) to find an 

evolutionarily stable production rate. b) Pairwise-invasion plots (PIPs) from 

competitions of the focal strain with production rate (γA) and conspecific with 

production rate (γB).  Three example PIPs provided across the range of toxin 

spectra: σ = 0, σ = 0.5, σ = 1.0  All other parameters default, using density 

dependent degradation for toxin abundance (equations 8 and 9). c)  Line-plot 

of ESS production rate (γESS) as a function of spectrum (σ). 
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Figure S2 The prediction that narrow spectrum toxins evolve is robust to changes in parameters. 

Pairwise invasion plots are shown for spectrum of activity (σ) under density-dependent toxin 

degradation. Parameters are varied from default settings and spectrum evolutionary stable strategy 

(σESS) is calculated (green circle) in each case.  Across all conditions, the evolutionarily stable 

strategy is fully narrow (σESS = 0).  Parameter values are listed from left to right. The dashed vertical 

line indicates the position of default parameter values (Table S3). a)  Starting nutrients. N1 = N2 = 

0.2, 0.5, 0.75, 2.5, 5, 10;. b)  Niche overlap.  Ω1 = 0.01, 0.05, 0.1, 0.5, 0.65, 0.75.  c)  Growth rate. r 
= 0.5, 0.7, 0.9, 1.5, 2, 2.5.  d) Toxin effectiveness. E = 1, 7.5, 10, 20, 25, 30.  e) Toxin absorption.  

θ = 0.1, 0.25, 0.5, 2, 3.5, 5. Sections of white in PIPs denote values for σ where the production rate 

ESS is zero (γESS = 0), and therefore, there is no toxin production and no selection on σ.  All 

parameters default unless otherwise indicated. 
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Figure S3 Pairwise invasibility plots (PIPs) for spectrum of activity (σ) with density-dependent 

toxin degradation and differences in arrival time for the two strains, using two different 

methodologies for modelling arrival time differences (Methods). In both, small differences in arrival 

time favours narrow-spectrum toxins, while large differences in arrival time favours broad-spectrum 

toxins. There is a transition zone for intermediate differences in arrival time where one sees more 

complex patterns and intermediate ESSs. This behaviour is only seen for a narrow range of 

parameters and we do not consider it further here. a) Differences in arrival time modelled by 

differences in initial abundance (also used in Figure 4 and Figure S5). The early arriving strain of 

the focal species always arrives at relative abundance of 1.0, and the community arrives halfway 

between the early and late arriving strains of the focal species. The initial relative abundance of the 

late arriving strain for each PIP is provided, from left to right: 0.9, 0.7, 0.5, 0.3, 0.1. b) Differences 

in arrival time explicitly modelled, where the early arriving strain is allowed to grow and produce 

toxins prior to the arrival of competitors. The initial relative abundance of all strains = 1.0. The 

community always arrives halfway between the early arriving strain and the late arriving strain of 

the focal species. The late arriving strain arrives once the early arriving strain reaches the following 

relative abundance, from left to right: 1.1, 1.3, 1.5, 1.7, 1.9. All parameters default unless otherwise 

indicated. 
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Figure S4 Pairwise invasibility plot for spectrum of activity (σ) with density-dependent toxin 

degradation and using equations 11 and 12 that incorporate a term for toxin loss driven by the 

producer. This change in assumption does not affect the key prediction that narrow-spectrum toxins 

will evolve. The main notable effect is that at the σESS of 0, the investment in toxin production is 

slightly reduced i.e. γESS is 0.21, vs γESS = 0.22 in Figure 3. All parameters default unless otherwise 

indicated. 
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Figure S5 When the community greatly outnumbers the focal species, narrow spectrum toxins are 

favoured. In this model, like that shown in Figure 4, there is variability in arrival time of the focal 

strain. However, unlike that model, here we assume that there is always a large number of 

community cells present from the beginning. Cases where the focal strain arrives first drive its 

evolutionary dynamics, as this is when the great majority of cells are made. For this reason, we only 

show this case in the first two panels, but all cases are included in the calculation of the ESS.  a) The 

focal strain (red) arrives before the conspecific (blue), produces broad-spectrum toxins, yet the 

community species (yellow) is too abundant to be overcome.  The final pane provides representative 

temporal dynamics for initial relative abundances A = 1.0; B = 0.4; C = 3.0; and other parameters σA 

= 1.0; σB = 0; γA = γB = 0.03 (γESS for σ = 0).  b) Focal strain (red) arrives before the conspecific strain 

(blue) and produces a narrow-spectrum toxin focused on the conspecific strain, allowing the focal 

strain to outcompete the conspecific. Representative dynamics are shown for initial relative 

abundances of A = 1.0; B = 0.4; C = 3.0; and other parameters σA = 0; σB = 0; γA = γB = 0.03 (γESS for 

σ = 0). For these illustrative plots, single species abundances are normalized to a maximum 

abundance of 1.0, and combined toxin abundances are normalized to a maximum of 1.0, which 

allows the different dynamics to be easily seen.  c) Pairwise invasibility plot for spectrum of activity 

(σ) with density-dependent toxin degradation and variation in arrival time.  The evolutionary stable 

spectrum strategy is fully narrow (σESS = 0). For this plot, initial relative abundances are early arrival: 

1.0; late arrival: 0.4; and community abundance: 3.0.  All parameters default unless otherwise 

indicated. 
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Figure S6 Modelling toxin evolution when the focal strain is the only member of its species in the 

patch. This scenario again predicts that broad-spectrum toxins are favoured at high abundance. a) 

Cartoons illustrating the initial conditions explored. b) Optimum strategy line plot. We identify the 

spectrum (σA, purple) and production rate (γA, green dotted) for the focal strain (red) that optimises 

its biomass, for a range of starting abundances. Niche competitor strategy: σB = 0; γB = 0.22.  All 

other parameters default. 
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Figure S7 Modelling toxin evolution when the focal strain is the only member of its species in the 

patch (continued from Figure S6). Here we study the impacts of changing the starting abundance of 

the community (yellow). As community abundance goes up, the evolution of broad-spectrum toxins 

requires higher and higher abundances of the focal strain. Again, this supports the prediction that 

broad-spectrum toxins are most beneficial when locally abundant. Purple solid line denotes optimum 

spectrum, and the green dotted line denotes optimum production rate.  a) Community starting 

relative abundance: 1.75. Niche competitor strategy: σB = 0; γB = 0.21.  b) Community starting 

relative abundance: 1.25. Niche competitor strategy: σB = 0; γB = 0.22.  c) Community starting 

relative abundance: 0.75. Niche competitor strategy: σB = 0; γB = 0.23. d) Community starting 

relative abundance: 0.25. Niche competitor strategy: σB = 0; γB = 0.24. Relative abundances 

normalised to starting abundance of the niche competitor species (B), which is 1.0 in all four plots.  

All parameters default unless otherwise indicated. 
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Table S1 

 

Spectrum: 1 – intraclass;  2 – intraphylum;  3 – interphyla   

 

Regulation: N - Nutrients. S - SOS response. D - Density-dependent. O – Other 

 
Organism Toxin Regulator Spectrum Target Notes 

Escherichia coli Colicin A LexA S 

(10) 

1 
(11, 12) 

BtuB 
(13) 

Originally isolated from 
Citrobacter freundii but 
primarily studied in E. coli.   

 Colicin B LexA S 

(10) 

1 
(12) 

FepA 
(13) 

 

 Colicin D LexA S 

(10) 

1 
(12) 

FepA 
(13) 

 

 Colicin E1 LexA S 

(10) 

1 
(12) 

BtuB 
(13) 

 

 Colicin E2 LexA S; 

AsnC N 

(10, 14) 

1 
(12) 

BtuB 
(13) 

(15) – Provides discussion on 
specific O-antigen required 
for activity.  Yet Ref. (12) 
shows activity outside of E. 
coli.   
 
AsnC is a repressor, and is 
itself repressed under N-
limiting conditions(16). 

 Colicin E3 LexA S 

(10) 

1 
(12) 

BtuB 
(13) 

 

 Colicin E5 LexA S; 

AsnC N 

(14) 

1 
(12) 

BtuB 
(13) 

 

 Colicin E6 LexA S; 

AsnC N 

(10, 14) 

1 
(12) 

BtuB 
(13) 

 

 Colicin E7 LexA S 

(10) 

1 
(12) 

BtuB 
(13) 

 

 Colicin E8 LexA S; 

AsnC N 

(14) 

1 
(12) 

BtuB 
(13) 

 

 Colicin E9 SOS S 

(17) 

1 
(12) 

BtuB 
(13) 

 

 Colicin Ia LexA S 

(10) 

1 
(12) 

Cir 
(13) 

 

 Colicin Ib LexA S 

(10) 

1 
(12) 

Cir 
(13) 

 

 Colicin K LexA S; 

IscR N 

(10, 14) 

1 
(12) 

Tsx 
(13) 

 

 Colicin M LexA S 

(18) 

1 
(12, 19, 20) 

FhuA 
(13) 

Some question here 
regarding amount of LexA 
regulation.  A different strain 
was not able to be induced 
by MitC. 

 Colicin N LexA S 

(10) 

1 
(12) 

OmpF; LPS 
(13, 21) 
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 Colicin U LexA S 

(10) 

1 
(15) 

OmpA 
(13) 

Specific O-antigen required 
for activity. 

 Colicin Y LexA S 

(10) 

1 
(15) 

OmpA 
(22) 

 

 Cloacin DF13 LexA S 

(10) 

1 
(23) 

IutA 
(13) 

Also isolated from and active 
against Enterobacter cloacae.   

 Colicin 5 LexA S 

(10) 

1 
(24) 

Tsx 
(13) 

 

 Colicin S4 LexA S 

(10) 

1 
(12) 

OmpW 
(25) 

 

 Colicin R LexA S 

(15) 

1 
(15) 

OmpA 
(15) 

O-antigen specific.  
 

 Colicin Z LexA S 

(26) 

1 
(26) 

CjrC 
(26) 

 

 Microcin B17 OmpR D 

(27) 
 

1 
(28, 29) 

OmpF, SbmA 
(30) 

Data with EnvZ and OmpR 
mutants showed that 
MccB17 regulation mirrors 
that of OmpC and is opposite 
to that of OmpF. Current 
model of OmpC/OmpF 
regulation proposes high 
osmolarity results in 
upregulation of OmpC.  
 
Cessation of growth induced 
production (31). OmpR = 
stimulator (32). RpoS 
independent (referred to as 
KatF at time of 
publication(32).   
 
Not considered density-
dependent in the “Strict” 
analysis 

 Microcin C RpoS D; 

CRP N;  

H-NS N; 

Lrp N (33) 

3 
(28) 

YejABEF 
(34) 
*“OmpF and other 
unidentified 
transport systems" 
(35) 

*Was not able to corroborate 
OmpF as the Outer 
Membrane receptor from 
empirical data, though data 
in support of this is discussed 
in (35).  

 Microcin J25 ppGpp N, 

Lrp N,  

IHF N 

(36) 

1 
(37) 

FhuA 
(37) 

Deletions of RpoS or CRP 
resulted in major decreases 
in MccJ25 production.  The 
dynamic range between 
exponential and stationary 
phase expression was not 
affected, however, and so the 
authors conclude these two 
transcriptional regulators as 
not playing a role.  

 Microcin V Fur N 

(38) 

1 
(39) 

Cir 
(38) 

 

 Microcin H47 Fur N, 

MchX O 

(40, 41) 

1 
(42) 

FepA, Cir, Fiu, IroN 
(40, 43) 

MchX proposed to 
upregulate its own 
production and that of 
downstream genes. 

 Microcin I47 Fur N 

(44) 

1 
(44) 

FepA, Cir, Fiu, IroN 
(40, 45) 

This toxin has not been the 
direct focus of any studies to 
date, but it is quite clear from 
(45) that it will be the same 
as Microcin H47.  
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 Microcin M Fur N 

(40) 

1 
(43) 

FepA, Cir, Fiu, IroN 
(40, 43) 

 

 Microcin N / 
Microcin 24 

Fur N, 

RpoS D, 

MdbA O 

(46) 
 

1 
(46) 
 

ManXYZ* 
(46, 47) 

MdbA appears to be positive 
feedback transcription factor. 
*Early work refers to it as 
SemA. Later work says this is 
probably due to interference 
of ManXYZ by the Tn in 
SemA.  Translocation across 
the outer membrane is TonB 
dependent(40).   

 Microcin PDI OmpR D 

(48) 

1 
(49) 

OmpF 
(50) 

Regulation of MccPDI 
production is clearly 
EnvZ/OmpR dependent, 
however, it appears to mirror 
the regulation of OmpF, 
where high osmolarity 
conditions result in low 
transcription levels.  This is 
the opposite pattern of 
MccB17.   
 
While the regulation appears 
density-dependent, it is being 
upregulated at low density, 
and therefore is not classified 
as “density-dependent” in 
the meta-analysis, which 
assumes upregulation at high 
density. 

      

Shigella sonnei Colicin Js LexA S 

(10) 

1 
(51) 

CjrC 
(52) 

 

      

Klebsiella 
pneumoniae 

Microcin E492 Fur N; 

MceX O 

(53) 

1 
(43) 

FepA, Cir, Fiu, IroN 
(43) 

 

 Klebicin A1 SOS S 

(13, 54) 

1 
(54) 

IutA 
(54) 

At time of receptor study, 
IutA had not been named.  It 
is the ferric aerobactin 
receptor.  

 Klebicin A2 SOS S 

(13, 54) 

1 
(54) 

IutA 
(54) 

 

 Klebicin A3 SOS S 

(13, 54) 

1 
(54) 

IutA 
(54) 

 

      

Yersinia pestis Pesticin LexA S 

(10) 

1 
(55) 

FyuA 
(56) 

FyuA: yersiniabactin 
receptor.  FyuA expressed 
from E. coli implies 
Yersiniabactin producing 
strains would be susceptible. 
Non-yersiniabactin producing 
E. coli is resistant. 

Yersinia 
frederiksenii 

Colicin FY LexA S 

(57) 

1 
(58) 

YiuR 
(58) 

 

Yersinia 
enterocolitica 

Enterocoliticin SOS S 

(59) 

1 
(59) 

LPS 
(59) 

  

      

Serratia 
marcescens 

Bacteriocin 28B SOS S 

(60) 

1 
(61) 

OmpF; OmpA 
(62) 

RegC regulated 28b 
expression, and RegC is LexA 
dependant.   
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Serratia 
plymuthica 

Pyrrolnitrin SplR D 

(LuxR 
homolog) 
(63) 

3 (fungal) 
(63) 

Diffusion 
(64, 65) 

Inhibitory activity against 
bacteria, fungus, human cell 
lines, all similar values.  See 
also Pseudomonas 
fluorescens. 

      

Pseudomonas 
aeruginosa 

Pyocyanin las D, rhl 

D, pqs D 

(66) 

3 
(67) 

Diffusion ROS-mediated damage.  Free 
diffusion 

 Pyocin R1 SOS S 

(68) 

2 
(69) 

Lipopolysaccharide 
(70) 

Activity against Neisseria.  

 Pyocin R2 RecA S; 

PrtNR S 

(71) 

2 
(72) 

Lipopolysaccharide 
(70) 

Spectrum reference shows 1 
out of 47 Burkholderia 
susceptible (B. Cenocepacia) 

 Pyocin R5 SOS S 

(68) 

3 
(68, 72) 

Lipopolysaccharide 
(70) 

Activity v Campylobacter.    
Absorption of Pyocin R5 by 
susceptible species while 
resistant did not absorb..  4 
out of 47 Burkholderia 
susceptible (3 - B. 
Cenocepacia; 1 B. 
vietnamiensis) 

 Pyocin C* SOS S 

(73, 74) 

2 
(73, 74) 

LPS/LOS 
(73, 74) 

Activity against Neisseria, 
Haemophilus, Pseudomonas. 
Insufficient evidence to 
support Pyocin C being a 
single toxin.  Instead, it 
appears Pyocin C might be a 
cocktail.  Purification method 
from the 1970s from a Wild-
Type culture.   
 
*Not enough data to include 
in Figure 5 or the statistical 
analysis.  

 Pyocin F1 SOS S 

(75) 

1 
(76, 77) 

LPS 
(76) 

 

 Pyocin F2 SOS S 

(75) 

1 
(76, 77) 

LPS 
(76) 

 

 Pyocin F3 SOS S 

(77) 

1 
(76, 77) 

LPS 
(76) 

 

 Pyocin S5* Literature 
is 
conflicted 

1  
(78) 

FptA 
(79) 

Lacks regulation homology to 
known PrtNR/RecA.  Multiple 
reports state that OxyR 
regulates the Pyocin S5 
immunity protein based on 
experimental evidence, but 
no references actually lead to 
this experiment.  One 
microarray study says 
oxidative stress leads to a 
putative S5 upregulation, 
along with other pyocin 
genes, and specifically does 
not rule out that the 
regulator could be DNA 
damage related(80).  
Apparently biofilm conditions 
and ceftazidime (B-
lactam/cephalosporin) 
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exposure also result in 
upregulation.  
 
*Not enough evidence to 
include in Figure 5 or 
statistical analysis.  

 Pseudomonas 
quinolone signal 
(PQS) / HQNO 

GacA D 

(81, 82) 

3 
(83) 

None* Ligand-receptor interaction 
with MvfR / PqsR 
(transcription factor). 
*Does not require receptor 
for activity 

 PaeM SOS S 

(84) 

1 
(85) 

FiuA ; TonB1 
(86) 
 

 

 Hydrogen 
Cyanide 

RhlR D 

(87) 

3 
(88) 

Free Diffusion 
(88) 

Regulator is quorum sensing 
homoserine lactone 
regulation.  

      

Pseudomonas 
syringae 

Syringacin M SOS S 

(89) 

1 
(89) 

TonB-dependent 
ferrichrome 
transporter 
(89, 90) 

 

      

Pseudomonas 
fluorescens 

Pyrrolnitrin RpoS D 

(91) 
 

GacA D 

(92) 

3 (fungal) 
(91) 

Diffusion 
(64, 65) 

RpoS is more closely linked 
with density-dependent 
regulation in Pseudomonas as 
compared to E. coli(93).  
 
GacA is a global regulation 
implicated in biofilm 
formation but also many 
other processes(81). 
 
Not considered density-
dependent in the “Strict” 
analysis 

      

Pseudomonas 
putida 

 LlpABW 

(Putidacin L1) 
RecA S, 

RecJ S, 

SpoT N 

(94) 

1 
(95) 

D-rhamnose 
containing O-antigen 
of LPS (or CPA) 
(96) 

 

Burkholderia 
cenocepacia 

BceTMilo SOS S 

(72) 
 

2 
(72) 
 

LPS 
(72) 
 

 

Burkholderia lata Pyrrolnitrin CepR D 

(97) 

3 
(98) 

Diffusion 
(64, 65) 

CepR is a positive quorum 
sensing regulator (AHL-
dependent) and seems also 
to control production of 
Pyrrolnitrin in some Serratia 
and Pseudomonas, though 
not experimentally 
demonstrated. 

      

Chromobacterium 
violaceum 

Violacein LuxI D 

/LuxR D 

(99) 

3 (fungal) 
(100) 

Cytoplasmic 
membrane 
(101, 102) 

It remains an open question 
whether or not violacein 
should be considered a toxin, 
though it meets our 
requirements for inclusion 
and so it is included.  

      

Lactobacillus 
plantarum 

Plantaricin E/F 
(Class IIb) 

PlnC D; 

PlnD D 

1 
(104) 

CorC 
(105) 

Three-component regulation, 
detecting PlnA, a peptide 
pheromone, which attaches 
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(103) to surface PlnB and activates 
PlnCD, resulting in rather 
canonical quorum-sensing.  

 Plantaricin J/K 
(Class IIb) 

PlnC D; 

PlnD D 

(103) 

1 
(106) 

Putative APC 
transporter 
(106, 107) 

 

      

Lactococcus lactis Lacticin Q* LnqR O 

(108) 

3 
(109) 

No receptor required 
(110) 

LnqR = TetR-like 
LnqR is a positive regulator, is 
attenuated at higher temps, 
and therefore bacteriocin 
production decreases as 
temp increases.   
 
*Excluded from Figure 5 and 
statistical analysis. 

 Nisin NisRK D 

(111) 

3 
(112) 

Anionic lipid 
membrane ; Lipid II ; 
UDP 
(113–115) 

There is an exogenous 
protein, NisP anchored to the 
exterior of the cell wall, 
necessary for NisRK mediated 
activation of Nisin 
production.   
 
Nisin active against Gram 
negative bacteria if access to 
cytoplasmic membrane is 
obtained. 

      

Bacillus subtilis Subtilin σH D ; 

SpaR D 

(116, 117) 

3 
(118) 

Lipid II ; UDP 
(115, 119) 

Not considered density-
dependent in the “Strict” 
analysis 
 

Bacillus 
lichenformis 

Bacitracin AbrB D,N; 

Spo0A 

D,S,N 

(120) 

3 
(121, 122) 

C55-isoprenyl 
pyrophosphate 
(123) 

AbrB is a global regulator 
involved in the transition to 
stationary phase in B. subtilis. 
 
Not considered density-
dependent in the “Strict” 
analysis 

      

Paenibacillus 
polymyxa 

Polymyxin B AbrB D,N; 

Spo0A 

D,S,N 

(124) 

3 
(125, 126) 

Anionic OM of Gram 
negative bacteria* 
(126, 127) 

Spo0A is produced starting in 
2nd half of exponential phase 
and continues until start of 
stationary phase (128). It is 
also a master regulator for 
entering sporulation, 
activated by a myriad of 
signals including DNA 
damage, cell density, nutrient 
deprivation, Krebs cycle, and 
DNA synthesis (129). 
 
*Some Gram positive 
bacteria absorb toxin and are 
sensitive. 
 
1 amino acid different than 
Colistin (Polymyxin E).   
 
Not considered density-
dependent in the “Strict” 
analysis 

 Colistin 
(Polymyxin E) 

AbrB* 

D,N; 

3 
(125, 126) 

Anionic OM of Gram 
negative bacteria** 

*Implied from homology to 
Polymyxin B. 
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Spo0A 

D,S,N 

(124) 

(126, 127) **Some Gram positive 
bacteria absorb and are 
sensitive. 
 
Not considered density-
dependent in the “Strict” 
analysis 

      

Staphylococcus 
epidermidis 

Epidermin Agr D;EpiP 

(130) 

3 
(131) 

Lipid II 
(132) 

Only 1 amino acid different 
than Gallidermin, with 
essentially identical minimum 
inhibitory concentrations. 
 
Agr regulates EpiP, which is 
an extracellular protease that 
cleaves pre-epidermin into 
mature epidermin, an 
essential post-translational 
modification for activity.   

      

Microbispora 
corallina 

Microbisporicin MibR D; 

MibW D; 

σMibX D; 

RelA N 

(133, 134) 

3 
(135) 

None* 
(135) 

*Cell wall biosynthesis 
inhibition. 
Active against nearly 
everything, Gram positive 
and Gram negative bacteria, 
though Enterobacteriaceae 
were resistant.   
 
relA is ppGpp synthetase 
gene.  σMibX is an Extracellular 
sigma factor.  MibA is the 
structural bacteriocin gene.  
It (and 6 other genes in this 
operon) is regulated by MibR.  
13 other Mib genes regulated 
by σMibX. (134) proposes a 
model which still requires 
high local density of 
producers.   

Streptomyces 
coelicolor 

Actinorhodin 
(ACT) 

ActII-
ORF4 

D,S,N 

(136) 

3 
(137) 

Numerous* 
(137) 

ActII-ORF4 is regulated by at 
least 8 regulatory proteins 
(AdpA; LexA; AbsA2; DasR; 
DraR; AfsQ1; AtrA; ROK7B7).  
ActII-ORF4 translation 
dependent upon bldA.  AdpA 
is growth dependent and 
triggers mycelium formation.  
bldA encodes tRNA for a rare 
codon and is only expressed 
in stationary phase. 
 
*Mechanistic targets and 
receptor both unknown, 
however they claim that toxic 
activity is due to more than 
just oxidative damage 
 
Not considered density-
dependent in the “Strict” 
analysis 

 Methylenomycin 
(MM) 

MmyR D; 

MmfR D 

(136) 

3 
(138) 

Peptidoglycan 
(139) 

MMF autoregulator molecule 
= Quorum Sensing. 
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Streptomyces 
venezuelae 

Chloramphenicol JadR1 D; 

N/C 
starvation 

N 

(140–142) 

3 
(143, 144) 

Cytoplasmic access 
via diffusion 
(145, 146) 

JadR1 is behaving as a 
quorum system and strongly 
influences chloramphenicol 
production. 
 

      

Streptomyces 
griseus 

Streptomycin AdpA D 

(147) 

3 
(148) 

Diffusion; MscL 
(149, 150) 

AdpA responds to hormone 
A-factor in a density 
dependent manner.   
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Table S2 

 binaryPGLMM 

 Coefficient Std. error Z-score p-value 

Main     

intercept -2.0793 1.2823 -1.6215 0.1049 

Spectrum - 2 -17.834 8404.8 -0.0021 0.9983 

Spectrum - 3 4.1699 1.2196 3.4191 0.0006 

Strict     

intercept -2.5241 1.0696 -2.3598 0.0183 

Spectrum - 2 -1.798 3.0364 -0.5921 0.5538 

Spectrum - 3 2.9727 0.9944 2.9896 0.0028 

 MCMCglmm 

 Posterior 
mean 

95% Confidence 
Intervals 

Effective 
Sample Size 

pMCMC 

Main     

intercept -1.9417 -5.005 – 1.566 10973 0.2227 

Spectrum - 2 -3.651 -11.19 – 2.975 10267 0.322 

Spectrum - 3 5.523 2.792 – 8.456 10860 0.00007 

Strict     

intercept -3.3671 -7.555 – 0.809 9859 0.0812 

Spectrum - 2 -3.5169 -11.05 – 3.383 10772 0.3567 

Spectrum - 3 4.4655 1.3 – 8.255 1757 0.0015 
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Table S3 – Default Parameters 

Model 

parameter 

Parameter Description Default 

values 

A, B, C (t = 0) Initial cell biomass of each strain 1e-4 

N1, N2 (t = 0) Initial pool of each nutrient 1.0 

TA, TB (t = 0) Initial biomass of each toxin 0 

KN1, KN2 Saturation constant for nutrient uptake for each nutrient 5 

r Maximum growth rate 1 

E Killing efficiency of each toxin 15, 5* 

LT Toxin degradation rate 0.75 

h Hill Coefficient 1 

Ω1 Niche Overlap (Species C consumption of Nutrient 1) 0.3 

Kmin Minimum K value (strongest toxin-receptor affinity) 0.05 

Kmax Maximum K value (weakest toxin-receptor affinity) 3 

θ Toxin Absorption 1 

* Initial model (Figure 2) 
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