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Abstract
Plasmids are acellular propagating entities that depend on bacteria, as molecular parasites, for propagation. A ‘tussle’ 
between bacteria and plasmid ensues; bacteria for riddance of the plasmid and plasmid for persistence within a live host. 
Plasmid-maintenance systems such as endonuclease Colicin-Like Bacteriocins (CLBs) ensure plasmid propagation within 
the population; (i) the plasmid-cured cells are killed by the CLBs; (ii) damaged cells lyse and release the CLBs that elimi-
nate the competitors, and (iii) the released plasmids invade new bacteria. Surprisingly, endonuclease CLB operons occur 
on bacterial genomes whose significance is unknown. Here, we study genetics, eco-evolutionary drive, and physiological 
relevance of genomic endonuclease CLB operons. We investigated plasmidic and genomic endonuclease CLB operons using 
sequence analyses from an eco-evolutionary perspective. We found 1266 genomic and plasmidic endonuclease CLB operons 
across 30 bacterial genera. Although 51% of the genomes harbor endonuclease CLB operons, the majority of the genomic 
endonuclease CLB operons lacked a functional lysis gene, suggesting the negative selection of lethal genes. The immunity 
gene of the endonuclease CLB operon protects the plasmid-cured host, eliminating the metabolic burden. We show mutual 
exclusivity of endonuclease CLB operons on genomes and plasmids. We propose an anti-addiction hypothesis for genomic 
endonuclease CLB operons. Using a stochastic hybrid agent-based model, we show that the endonuclease CLB operons on 
genomes confer an advantage to the host genome in terms of immunity to the toxin and elimination of plasmid burden. The 
conflict between bacterial genome and plasmids allows the emergence of ‘genetic arms’ such as CLB operons that regulate 
the ecological interplay of bacterial genomes and plasmids.

Keywords Colicin-like bacteriocins · Anti-addiction hypothesis · Plasmid-genome competition · Quasi-cooperation · 
Agent-based model

Introduction

Plasmids, like viruses, are acellular propagating entities that 
are common in the bacterial domain. Propagation of plas-
mids is obligately dependent on their bacterial hosts, some-
times conferring advantage (mutualistic) and other times as 
molecular parasites (Kado 1998). Unless these propagating 
entities confer an advantage in the contextual habitat, it is a 
burden with costs on the fitness relative to the peers. At the 

molecular level and a gene-centered view (Dawkins 1989), 
the existence and propagation of the plasmid at the cost 
of the bacterial genome is parasitism (MacLean and San 
Millan 2015). Curing the plasmid is a disadvantage to the 
plasmid propagation because the cured bacteria may out-
compete the plasmid-harboring bacteria under non-selective 
conditions. That conflict between propagating entities (here, 
the bacterial genome and plasmid) is never-ending genetic 
warfare that drives the emergence of ingenious genetic sys-
tems (Eberhard 1990). Bacterial curing can occur by passive 
mechanisms wherein one daughter cell may not inherit the 
plasmid (Spengler et al. 2006).

The obligatory dependence of plasmids in bacterial cells 
drives the emergence of multiple ingenious mechanisms that 
ensure plasmid propagation within the bacterial population. 
Some genetic systems ensure the dissemination of the plas-
mid to both the daughter cells. Mechanisms such as (i) high 
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intracellular copy number of plasmids and (ii) stable parti-
tioning systems, such as the parMRC system in low copy 
number plasmids, allow the spatial distribution of the plas-
mid copies within the bacterium to increase the probability 
of dissemination to both the daughter cells (Million-Weaver 
and Camps 2014). Some others, referred to here as ‘Genetic 
arms’, are genetic elements that confer an advantage to the 
associated plasmid/genome by competitively eliminating 
those that do not carry their homologs. In conflicts between 
plasmids and genome, some genes confer an advantage by 
inducing ‘addiction’, a phenomenon where the cell cured of 
the plasmid is killed by the plasmid-encoded genes (Ram-
isetty and Santhosh 2016; Fraikin et al. 2020). These are 
typically composed of a toxic component and an antidote 
that can neutralize the toxic activity of the toxic component. 
Plasmids encode strategic genetic arms, exemplified by Col-
icin-Like Bacteriocin (CLB) operons (Cascales et al. 2007), 
restriction-modification systems (RMs) (Kulakauskas et al. 
1995), and toxin–antitoxin systems (TAs) for stable main-
tenance in the host population (Van Melderen and Saavedra 
De Bast 2009). The strategy for plasmid maintenance is by 
eliminating the daughter cells that may not have inherited 
a plasmid, the phenomenon of post-segregational killing 
(Tsang 2017; Harms et al. 2018). A significant proportion of 
plasmid-bearing bacteria in a population increases the prob-
ability of spatiotemporal propagation of that plasmid. The 
endonuclease CLB operons are similar ‘genetic arms’ that 
enhance the propagation of the associated plasmid (bearer) 
by forced maintenance of the plasmid within the host (plas-
mid addiction) and eliminating the plasmid-free cells from 
the population. They do so by encoding a toxin-antidote pair 
whose expression results in the release of toxins that are 
active against the cells that do not encode them (as they lack 
cognate antidote to neutralize the toxin). Thus, they alter 
the bacterial competition. However, endonuclease CLBs are 
different from other toxin–antidote pairs such as TAs with 
respect to the mode of toxin release.

This study explored the interplay of endonuclease CLB 
operons as genetic arms in the conflicts between bacterial 
genome and plasmids. The endonuclease CLBs are the 
genetic arms as they enhance the propagation of the bearer 
by eliminating or manipulating the competition. The bac-
teriocins such as colicin molecules bind to a specific outer 
membrane receptor followed by translocation via Tol or 
TonB machinery to its target. Colicins are of two groups, 
group A is translocated by the Tol system, and group B is 
translocated by the TonB system. Group A includes colicins 
A, E1 to E9, K, N, U, L, Y, and S4 and group B includes 
colicins B, H, Ia and b, M, D, 5, and 10. Group A colicins 
are associated with small plasmids and encode lysis protein 
that aid in colicin release into the medium upon host cell 
lysis. Group B colicins are associated with large plasmids 
and do not encode lysis protein; colicins are not released 

into the medium (Cascales et al. 2007). Based on the targets, 
colicins are classified as endonuclease and pore-forming col-
icins. Endonuclease colicins degrade the nucleic acids such 
as tRNA, rRNA, and DNA, whereas pore-forming colicins 
form tiny pores in the inner membrane, causing membrane 
perturbations (Cascales et al. 2007). Endonuclease colicin 
operons are one of the well-characterized systems compris-
ing the genes required for colicin production (colicin gene), 
colicin neutralization (immunity gene) and colicin release 
(cell lysis gene) from the cell. A typical endonuclease colicin 
operon comprises colicin activity gene (cxa), immunity gene 
(cxi), and lysis gene (cxl) (Cascales et al. 2007; Heng et al. 
2007). The cxa encodes colicin that cleaves nucleic acids; 
cxi encodes immunity protein that inactivates its cognate 
colicin; cxl encodes a lysis protein that lyses the host cell 
aiding in the release of the colicin (Masaki and Ohta 1985; 
Kleanthous et al. 1999). Among the endonuclease colicins, 
the targets of each type differ. For example, E3 specifically 
targets the 16S rRNA gene. Colicin E2, E7, E8, and E9 
cleave DNA at a precise site. Colicin E4 and E6 hydrolyze 
rRNA, and D cleaves tRNA (Cascales et al. 2007). Muta-
tions in the lysis gene hamper host cell lysis and colicin 
release (Cavard et al. 1985). The immunity protein makes 
protein–protein interaction with the colicin, both the endog-
enous and exogenous colicin (cognate colicins released by 
other colicin-producing bacteria), thereby protecting the 
host cell (Cascales et al. 2007). Colicins are predominantly 
encoded on plasmids, rendering horizontal transfers in the 
population (Hardy et al. 1973; Gordon and O’Brien 2006). 
Plasmidic colicin operons are implicated in plasmid main-
tenance (Inglis et al. 2013), bacterial suicide (Granato and 
Foster 2020), and other ecological phenomena such as bio-
films, virulence, etc. (Lin et al. 2004; Bucci et al. 2011; 
Sharp et al. 2017; Weiss et al. 2020). However, the occur-
rence of colicin operons on bacterial genomes is intriguing 
because of the threats of genome degradation (by colicins) 
and the lysis of the host (by lysis protein).

With a gene-centered perspective, we see plasmids and 
the “purpose” of their genes is to enhance the propagation of 
the plasmids, directly or indirectly. Therefore, we consider 
plasmids and genomes as two independent entities and plas-
mids as obligate molecular parasites on bacteria that con-
fer advantages to the host under specific conditions. In this 
study, we investigate the dynamics of CLB operons (more 
specifically, the endonuclease encoding CLB operons) in the 
propagation of plasmids and bacterial genomes. We aim to 
rationalize the role of plasmidic and genomic endonuclease 
CLB operons using sequence analyses and theoretical mod-
eling from an eco-evolutionary perspective. Using nucleo-
tide sequence homology and distribution patterns, we show 
that the occurrence of identical endonuclease CLB operons 
is mutually exclusive on genomes and plasmids, meaning 
that the CLB operon is present either on the plasmid or on 
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the genome but never both of the same cell. Similar to TAs, 
we propose an anti-addiction hypothesis (Saavedra De Bast 
et al. 2008; Ramisetty and Santhosh 2016) for endonucle-
ase CLB operons on genomes. Here, we provide a model 
integrating the endonuclease CLBs as genetic arms, anti-
addiction hypothesis for genomic endonuclease CLB oper-
ons and the sequence of events in the CLB operon-mediated 
interplay of genomes and plasmids by simulating the com-
petition between endonuclease CLB-plasmids and bacterial 
genomes.

Materials and methods

Prevalence of endonuclease CLB operon

We analyzed the distribution of endonuclease CLB oper-
ons in completely sequenced bacterial genomes and plas-
mids listed in the NCBI database as of July 2020. We took 
sequences of nine endonuclease colicins (E2, E3, E4, E6, 
E7, E8, E9, D, and cloacin DF13) as reference queries in 
nucleotide homology search (Supplementary figure S1). 
The above-mentioned colicin sequences were taken as ref-
erence sequences to perform a nucleotide homology search 
against all bacterial genomes and plasmids (Supplementary 
Sheet S1). The sequence similarity between the reference 
sequences is shown using a distance tree (Supplementary fig-
ure S2). Since multiple CLBs share similar genetic features 
and detectable sequence homology (Riley 1998; Cascales 
et al. 2007), we searched for genetic modules similar to the 
query reference sequences showing > 50% sequence similar-
ity. We included all the hits harboring endonuclease CLB 
operons irrespective of the CLB type or annotation. Since 
CLBs share considerably high sequence similarity, nucleo-
tide homology searches with lower sequence identity val-
ues allow homologs from other colicin types other than the 
nine endonuclease colicins. First, the endonuclease colicins 
themselves share high sequence homology with respect to 
their colicin, immunity, or lysis gene. Second, few colicin 
operons like ColE6 harbors the E8 immunity gene in addi-
tion to its own E6 immunity gene. We then narrowed our 
search specifically to the endonuclease colicins by setting 
higher threshold values for sequence identity (~ > 80%) and 
coverage (~ > 90%). The first hit list was created by filtering 
only “complete sequence”, “chromosome”, and “genome” 
in MS-excel. Other insignificant hits such as draft genomes 
and contigs are removed from the hit list. The second hits list 
was created by performing individual TBLASTN for colicin, 
immunity, and lysis genes separately. Hits were analyzed 
manually for each of the gene targets. However, the hits were 
considered to harbor endonuclease CLB operon only if they 
were present in the hit list of all the three gene targets. We 
compared both lists to make a master list (Supplementary 

Sheet S2). Our analysis weighs on the sequence homology 
search across all bacterial genomes and plasmids irrespec-
tive of the genome annotations and colicin type. Hits on 
genomes and plasmids were sorted separately and plotted 
as graphs. We then analyzed the endonuclease CLB operons 
on genomes and plasmids for conservation, prevalence, and 
multiplicity across genera. Genetic locus was examined for 
the conservation of operon (Fig. S1). The distribution of 
endonuclease CLB operons on both genomes and plasmids 
was plotted as graphs. In each genus, the hits harbouring 
endonuclease CLB operons either on genome or plasmid 
and on both genome and plasmid were grouped to verify 
their statistical significance. We performed a two-tailed stu-
dent’s t-test to test the statistical significance of the proposed 
mutual exclusivity hypothesis.

Conservation of endonuclease CLB operon

Using the NCBI graphics of the hit sequences, genetic loci 
were checked for the completeness of the operon (Supple-
mentary Sheet S3). The analysis was based on the sequence 
annotations of the respective strains submitted to NCBI. In 
the case of annotation, artifacts for colicin activity gene, 
such as “HNH domain-containing gene” encoding < 200 
amino acids, were considered insignificant and were not 
included in this study. We analyzed the sequence similarity 
between the endonuclease CLB operons for strains harbor-
ing the operons on both genomes and their plasmid using 
the MAFFT alignment method in Jalview version 2.11.0 
(Waterhouse et al. 2009). For visualization and presenta-
tion of the alignments, NCBI multiple sequence alignment 
viewer 1.16.2 (https:// www. ncbi. nlm. nih. gov/ proje cts/ msavi 
ewer/).

Model description

We adopted a hybrid model to understand the role of 
genomic endonuclease CLB operons in plasmid and 
genome evolution (Fig. 1a). Traditional agent-based mod-
els have “agents” with specific characteristics, and at each 
time step, the agents evolve individually depending on their 
local demography. This approach can be computationally 
expensive and time-demanding (Guo et al. 2008). On the 
other hand, modeling the complete system analytically 
can be complex. Therefore, established parameters such as 
logistic growth are analytically modeled with stochasticity, 
and an agent-based approach is applied to infer the spatial 
dependence on the population dynamics. We simulated the 
competition outcome between five cell types: (i) sensitive 
to endonuclease CLB (S); (ii) carrying endonuclease CLB 
operon on the plasmid (a small low-copy number plasmid-
containing endonuclease colicin operon) (C); and (iii) carry-
ing endonuclease CLB operon on the genome  (Cg). Within 
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the  Cg population, we show three variations: the population 
that (i) has complete operon  (Ccil); (ii) has endonuclease 
CLB activity and immunity genes but not lysis gene  (Cci); 
and (iii) has only immunity gene  (Ci). As a proof-of-con-
cept, the framework of the model is adapted (with modifi-
cations) from a previously published dataset from in vitro 
competitive experiments with E. coli colicinogenic strains 
(von Bronk et al. 2017; Weiss et al. 2020). We assigned 

the model parameters for simulation from the experimental 
values. Initial communities were seeded in a 375:5 (S: C) 
ratio in 300 × 300 lattice. Five different agents were used in 
this model: sensitive S cells, colicinogenic C, and  Cg  (Ccil, 
 Cci, and  Ci) cells. Each cell type is considered an individual 
characterized by a particular status behavior. The model 
includes (i) reproduction of viable S, C, and  Cg cells, (ii) 
lysis of C cells due to operon activation (λc) and subsequent 

Fig. 1  Theoretical model representing the interactions between the 
colicinogenic and sensitive strains. a Upon plasmid invasion, sensi-
tive (S) cells transform into colicinogenic (C) cells producing endo-
nuclease CLBs. Once the endonuclease CLB operon integrates onto 
the genome  (Ccil cells) at a low frequency, the cells survive upon 
plasmid loss. However, with the accumulation of mutations in the 
operon, the degenerated operon retaining only the immunity genes 
is selected  (Ci cells). The cells containing complete operon  (Ccil) and 
operon containing CLB activity and immunity genes  (Cci) are at the 
risk of operon activation  (Con cell) followed by death. Hence, selec-
tion works against the  Ccil and  Cci cells. λs-Switching rate of S to 
C; λcil-Switching rate of C to  Ccil; λci-Switching rate of  Ccil to  Cci; 
λi-Switching rate of  Cci to  Ci;  da-death rate of C due to operon acti-

vation;  dl-death of C due to plasmid loss;  da1-death rate of  Ccil due 
to operon activation;  da2-death rate of  Cci due to operon activation. 
b Simulation flowchart. Step-wise work of the simulation is detailed. 
c Exponential toxicity of CLB released. The central white grid rep-
resents the CLB released by the dead colicinogenic cell, which is 
now the toxic spot to the surrounding grids. The toxicity is measured 
exponentially on endonuclease CLB-sensitive S cells occupying the 
grids up to a radius of 5. With the increasing radius, the toxicity (or 
the CLB-mediated death probability) decreases by the factor 1/2radius. 
d Lattice showing population dynamics. The lattice structure is 
shown at specific time points (t in hours). The colors represent black-
empty spots; red-S cells; yellow-C cells; dark blue-Cci cells; cyan-Ci 
cells



767Molecular Genetics and Genomics (2022) 297:763–777 

1 3

release of endonuclease CLBs and plasmids, (iii) death of 
C cells due to plasmid loss (Million-Weaver and Camps 
2014), (iv) switching of C to  Cg  (Ccil or  Cci or  Ci at equal 
probability) cells (λg), (vi) lysis of  Ccil and  Cci cells with a 
release of endonuclease CLB. The cell state with activated 
endonuclease CLB operon is represented as a  Con cell that 
eventually dies and releases endonuclease CLB plasmids 
and endonuclease CLBs. The switching frequency between 
the cell types depends on the varying probability (through 
parameter sweeping), availability of the primary cell type 
and the number of endonuclease CLB plasmid (released 
by dead C cells). We have not considered the endonuclease 
CLB operon degeneration on plasmids because of compli-
cations of the copy number and relatively high probability 
of mutations and recombination. We expect that the cost 
incurred by the endonuclease CLB plasmid, irrespective of 
the completeness of the operon, renders plasmid elimination 
upon the emergence of genomic endonuclease CLB operons.

Simulation of the competition

We simulated the competition in Python 3.7. We took a 
hybrid approach to realize the simulation. We simulated the 
model in time steps of 1 with a total number of time steps of 
15,000. Each cell is assigned a unique ID in the simulation. 
The competition is modeled using a 2D lattice, representing 
the width and height of the bacterial niche. We adapted an 
agent-based stochastic model to track the fate of each cell 
type (agents) as a function of space and time.

The entire simulation is summarized (Fig. 1b) below.
Simulation time step 0:

• A Grid (300 × 300) is initially generated. All of the Grids 
are initialized with empty spots (ID = 0).

• Random spots are chosen and are initialized with S 
(ID = 1) and C (ID-2) cells in the ratio of 375:5 (S:C). 
This step is an agent-based approach that models the 
spatial dependence of the cells.

Simulation from time step 1 to 15,000 (the following 
steps are repeated in a loop till the end of the time stamp):

• The number of cells with their unique IDs is calcu-
lated. Here, the simulation dynamics are governed by 
the number of cells calculated.

• To model the consequences of the death of C cells, 
we calculated the number of conversions of C cells 
to toxins and endonuclease CLB-plasmids using bino-
mial distribution B(Nc,  da), where  Nc is the number 
of C cells, and  da is its death probability. Here, the 
C cells are randomly chosen for death. Such random-
ness induces spatial stochasticity in the simulation. 

The number of endonuclease CLB-plasmids released 
by dead C cells is assumed between 10 and 15 copies 
per cell.

• When a C cell dies and releases toxins, it kills S cells 
based on the Moore neighborhood (Gray 2003) of C. 
This simulation governs the toxic interactions between 
the S cells and the toxic lattice sites by assuming expo-
nential toxicity (Weber et al. 2014). The likelihood of 
No of S cells that die due to the C cells exponentially 
decreases as per the Moore neighborhood of the dead 
C cell and toxicity (tox). For exponential toxicity, the 
population of S cells within the radius of 5 is consid-
ered (exponential factor is 1/2radius); reducing the death 
probability exponentially (prob(0 − 1)<(tox)r) with the 
increasing radius (r) (Fig. 1c).

• The endonuclease CLB-plasmids released by the dead 
C cell can invade the S cells in the vicinity and convert 
S cells to C cells. To model the dependence of conver-
sions of S cells on the available plasmids, we calculated 
the number of S to C cells using binomial distribution 
B(Ns, λs) repeated for the number of available endo-
nuclease CLB-plasmids. Here,  Ns is the number of S 
cells in the Moore neighborhood of a dead C cell and 
λs is the conversion probability. This is another instance 
where spatial stochasticity is modeled using an agent-
based approach.

• C cells also convert to  Ccil cells.  Ccil cells convert to  Cci, 
and  Cci converts to  Ci cells. These are modeled using a 
random number of cells based on binomial distribution 
with mean corresponding to respective conversion rates. 
Again, these analytically generated numbers (with sto-
chasticity from the binomial random number generation) 
are applied in the grid using the agent-based approach.

• The  Ccil and  Cci also have death probability, and the 
released toxin is toxic to the S cells in their vicinity.

• Finally, the total number of surviving cells are grown 
logistically as,

where r is the growth rate, n is the number of each cell type, 
N is the total population size, and K is the carrying capac-
ity. The multiplication of a cell is modeled using a Moore 
neighborhood (eight nearest neighbors) method where a new 
cell takes a random spot in its nearest neighbors. Each cell 
type is allowed to grow logistically yet limited by the total 
cell density.

The simulation is repeated with varying parameters 
(Table 1). A parameter sweeping of the parameters was done 
to trace out boundary parameters for which  Ci can dominate 
the simulation. As both spatial stochasticity and analytical 
stochasticity are modeled, the whole simulation is iterated 
ten times to analyze the simulation’s behavior statistically. 

dn

dt
= rn

(

1 −
N

K

)
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The dominating cells (population of a cell type > 90%) at 
the end of the simulation are recorded for each iteration. A 
given simulation setting is stable when the same cell type 
dominates more than 50% of the iterations. The lack of 
experimental data is compensated by testing the competi-
tion outcome for a range of reaction rates. We have tested the 
model with low probability values. For example, the plasmid 
invasion probability is as low as 5 out of 10,000 S cells take 
up the endonuclease CLB plasmid and get converted to C 
cells. Visualization of one of the iterations is shown (sup-
plementary video, Fig. 1d).

Results

Distribution of endonuclease CLB operons 
across bacterial genera

To examine the prevalence of genomic and plasmidic endo-
nuclease CLB operons, we performed a nucleotide homol-
ogy search taking nine endonuclease colicins (E2, E3, E4, 
E6, E7, E8, E9, D, and cloacin DF13) as reference sequence 
against all bacterial genomes and plasmids. Endonuclease 

colicins are translocated into the cytoplasm and degrade 
the nucleic acids. The colicin E2, E7–E9 targets the DNA, 
E3, E4, E6, and CloDF13 targets the rRNA while D cleaves 
the tRNA (Cascales et al. 2007). Within the limitations of 
available sequences (as of July 2020), we obtained 639 
genomes and 627 plasmids hit across 30 bacterial genera 
harboring partial to complete operons (Fig. 2a). All 30 gen-
era are Gram-negative Gammaproteobacteria (belonging 
to families including Enterobacteriaceae, Morganellaceae, 
Yersiniaceae, Pseudomonadaceae, Pectobacteriaceae, 
Vibrionaceae, Erwiniaceae, and Pasteurellaceae) and 
Betaproteobacteria (family Burkholderiaceae). The total 
occurrence of endonuclease CLB operons (both genomes 
and plasmids) is high in Klebsiella (412 operons) followed 
by Salmonella (198 operons), Pseudomonas (186 operons), 
and Escherichia (163 operons).

Plasmidic endonuclease CLB operons were prevalent 
among the strains of Klebsiella (61%) and Escherichia 
(26%). Genomic endonuclease CLB operons were preva-
lent among the strains of Pseudomonas (30%), Salmonella 
(28%), and Yersinia (15%) (Table S1). The strains of Kleb-
siella, Citrobacter, Salmonella, and Enterobacter harbored 
endonuclease CLB operons on both genome and plasmid. 

Table 1  Model parameters and 
values used in the study

Global parameters

Lattice dimension 300 X 300
Time step Δt [hours] 1
Total simulation time T 15,000
Iterations 10
Carrying capacity, K 60,000
Copy number of Colicin-like Bacteriocin plasmid 20
Diffusivity of toxin 5
Mean variation (to account for uncertainty) 0.25
Simulation parameters (includes range of tested values)
For S
 Initial abundance 375
 Growth rates 0.0729
 Switching rates to C (λs) 0.0005 0.001 0.005 0.01

For C
 Initial abundance 5
 Growth rates 0.0729
 Operon activation rates (C to  Con)  (da) 0.008
 Switching rates to  Ccil (λcil) 10–8 10–7 10–6 10–5

 Death rate due to plasmid loss  (dl) 0.001
For  Ccil,  Cci, and  Ci

 Initial abundance 0
 Growth rates 0.0729
 Death rate of  Ccil due to colicin activation  (da1) 0.006
 Death rate of  Cci due to colicin activation  (da2) 0.002
 Switching rates of  Ccil to  Cci (λci) 10–6 10–5 10–4

 Switching rates of  Cci to  Ci (λi) 10–6 10–5 10–4



769Molecular Genetics and Genomics (2022) 297:763–777 

1 3

By setting up the threshold values for sequence identity 
(> 90%), we narrowed our analysis to nine endonuclease 
type-specific colicins (E2, E3, E4, E6, E7, E8, E9, D, and 
cloacin DF13). Of the 240 strains encoding endonuclease 
colicins, cloacin DF13 is highly prevalent (78%) and distrib-
uted among the Klebsiella genus (fig. S3). We rarely found 
endonuclease colicin operon on the genome. Endonuclease 
colicins E2, E8, and CloDF13 were found on the genomes 
of Escherichia, Shigella, Klebsiella, and Citrobacter. Very 

few (3%) strains of Shigella harbored endonuclease colicin 
operons on plasmids (Supplementary Sheet S1).

Mutual exclusivity of plasmidic and genomic 
endonuclease CLB operons

To investigate if the endonuclease CLB operons are present 
on both genomes and plasmids, we analyzed their distri-
bution pattern across all the genera. We found that some 
genera had endonuclease CLB operons only on genomes, 
and some had only on plasmids (Fig. 2b). For example, 
we observed only genomic endonuclease CLB operons in 
Pseudomonas strains while only plasmidic endonuclease 
CLB operons in Shigella. Whereas in strains of Klebsiella 
(10 strains), Escherichia (1 strain), Salmonella (2 strains), 
and Enterobacter (2 strains), both genomic and plasmidic 
endonuclease CLB operons were present (Supplementary 
Sheet S4). We examined the operon sequence similarity 
and conservation to rationalize the multiplicity of endonu-
clease CLB operons within a strain. We found no strains 
encoding multiple copies of identical endonuclease CLB 
operons on the genome and plasmids (Fig. S4). For exam-
ple, E. coli BR10-DEC harbors colicins B and M on the 
genome, but colicin E1 on its plasmid. Citrobacter koseri 
AR_0024 harbors incomplete colicin D on the genome but 
a CloDF13-like operon on its plasmid. Few strains harbored 
more than one colicin type. For example, the genome of E. 
coli 15RDA-Livestock feces-ECO087 harbors both colicin 
E2 and E8. We also observed 85 strains harboring multiple 
endonuclease colicin plasmids but varied in the type of col-
icins they encode (Supplementary Sheet S5). For example, 
E. coli ACN001 harbors colicins K, E9-like, and E2-like 
operons on its plasmids pACN001-E, pACN001-D, and 
pACN001-B, respectively. K. pneumoniae NY9 harbors 
klebicin B and ColE3 on its plasmids pNY9_1 and pNY9_4, 
respectively. The occurrence of endonuclease CLB operons 
either on genomes or plasmids but not on both is statistically 
significant (p = 0.017). Thus, the occurrence of endonuclease 
CLB operons on either genome or plasmid is greater than 
its occurrence on both genome and plasmid. Except for K. 
pneumoniae subsp. pneumoniae KPNIH24, which harbors 
CloDF13 on both its genome and plasmid, no other bacte-
rial strain had identical endonuclease CLB operons on its 
genomes and also on plasmids. The genome of K. pneumo-
niae subsp. pneumoniae KPNIH24 harbors two copies of 
CloDF13, but the colicin gene encodes 273 aa (lacks 5’ end 
of protein sequences) in contrast to its reference sequence 
that encodes 561 aa.

Degeneration of genomic endonuclease CLB operon

The genetics of endonuclease CLB operon showed, out 
of 620 genomic endonuclease CLB operons, five were 

Fig. 2  a Distribution of CLB across bacterial genera. We obtained 
1266 genome and plasmid hits (from the genera Enterobacteriaceae, 
Morganellaceae, Yersiniaceae, Pseudomonadaceae, Pectobacte-
riaceae, Vibrionaceae, Erwiniaceae, Pasteurellaceae, and Burkholde-
riaceae) (supplementary table 1). Here, we represent the distribution 
for genera comprising more than ten colicinogenic strains. b Mutual 
exclusivity of CLB on genomes and plasmids. The hit list was sorted 
to distinguish whether strains carried endonuclease CLBs on the 
genome or plasmid. The data visualization is done using a sunburst 
graph. Different color codes are given to each segment specific to 
genera (labeled). The outer segment represents the plasmids for each 
genus, and the inner segment represents the genomes. We performed 
a two-tailed student’s t test to test the statistical significance of the 
endonuclease CLB operons occurring mutually exclusive on genomes 
and plasmids. Of the observed number of strains (hits), the occur-
rence of endonuclease CLB operon either on genome or plasmid is 
statistically higher than its occurrence on both genome and plasmid 
[p value (two-tail) is 0.017]
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complete operons, 614 lacked lysis gene, and 323 lacked 
the CLB activity gene. In contrast, the immunity gene was 
conserved in almost all operons. Upon comparing the gene 
conservation on plasmids and genomes, we found that most 
genomes lacked lysis genes or harbored only immunity genes 
(Fig. 3). To account for the occurrence of genomic endo-
nuclease CLB operons, we compared the conservation of 
genomic and plasmidic operons. Endonuclease CLB operon 
on genomes is highly degenerative. For example, in K. pneu-
moniae TK421, the CloDF13 activity gene on the genome is 
replaced by a transposase gene, whereas its plasmid contains 
a complete CloDF13 operon. Enterobacter roggenkampii 
R11 harbors an S-type pyocin operon on its plasmid and 
an orphan immunity gene on its genome. An exception is 
that K. pneumoniae subsp. pneumoniae KPNIH24 harbors 
CloDF13 on its genome and plasmid (fig. S5). However, the 
integrity and functionality of these operons are unknown. 
The endonuclease CLB operons lacking functional lysis 
gene represent the truncation of lysis gene or other colicin 
types (group B colicin that typically does not encode lysis 
gene). We observed high conservation of the immunity gene 
on genomes (e.g., Mixta theicola SRCM103227) compared 
to CLB activity and lysis genes. We also compared the spe-
cific loci with and without the endonuclease CLB operon 
within a species (Fig. 3a). Similar comparisons can trace 
the ancestral loci prior to the integration of endonuclease 
CLB operon and the putative mechanisms of integration. 
Several truncations in the operon genes could account for 
the intermediates in the degeneration process. We did not 
find any endonuclease CLB operon lacking immunity gene 
on the genomes, as the absence of immunity protein is det-
rimental to the host.

The competitive advantage of genomic 
endonuclease CLB operons

Considering plasmids and genomes as competing entities, 
we developed a stochastic agent-based model (Kerr et al. 
2002; Majeed et  al. 2011) to simulate the competition 
outcome between plasmids and genomes regulated by the 
endonuclease CLB operon (Fig. 1). As a proof-of-concept, 
we adapted the model’s framework from a previously pub-
lished dataset from in vitro competitive experiments with 
E. coli colicinogenic strains (von Bronk et al. 2017; Weiss 
et al. 2020). Initially, we considered three cell types with 
the identical genetic background but differed in: (i) absence 
of endonuclease CLB operon (S-cell); (ii) carrying endonu-
clease CLB operon on a low-copy number plasmid (C-cell); 
and (iii) carrying endonuclease CLB operon on the genome 
 (Cg cells) (Fig. 1a). Stochastic fluctuations in the param-
eters strongly affect the competition outcome (Shimoni 
et al. 2009). We have incorporated the uncertainty into the 
model by testing a range of values for theoretical parameters 

Fig. 3  Genetic architecture of the operon. a Integration of endonucle-
ase CLB operons on genomes. In Morganella Morganii N18-00103, 
the CLB operon is flanked by deoR (deoxyribose operon repressor) 
and α-decarboxylase genes. We found Morganella strains lacking 
the operon (e.g., ATCC 25830) instead harboring three hypothetical 
genes showing no sequence similarity with the CLB operon. Likely 
that the operon integrated by replacing the region between the flank-
ing genes. In Escherichia coli M18, the complete CLB plasmid (E. 
coli M1 plasmid A) has been integrated at the homology site between 
the DNA polymerase V core genes (umuD and umuC). In Pseu-
domonas aeruginosa IOMTU133, two CLB operons (pyocin-like 
operon and Col E3-like gene) have independently integrated with 
proximity. We found the integration of multiple genes between nrdA 
(ribonucleoside-diphosphate reductase subunit alpha) and exoA (exo-
toxin A). For example, P. aeruginosa SE5369 harbors only pyocin-
like operons. Whereas P. aeruginosa IMP66 has only Col E3-like 
gene but lacks a pyocin-like operon. b Degeneration of endonucle-
ase CLB operon on genomes. Here, we compare the different genetic 
organizations of the operons on genomes and plasmids. On the major-
ity of the genomes, the immunity gene is orphaned. On the majority 
of the plasmids, the endonuclease CLB operon is complete, including 
the lysis gene. We observed 49% of plasmidic endonuclease CLBs 
and nearly 1% of genomic endonuclease CLBs are complete operons. 
Endonuclease CLB operon on genomes is highly degenerative. Of the 
genomes carrying incomplete operon, 614 lacked a functional lysis 
gene
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(with binomial probabilities) (Table 1, Fig. 1b, c). Param-
eter sweeping tests the competition outcome for a range 
of parameter values abiding by Monte Carlo realizations, 
allowing statistical evaluation of the model (Fig. 1b). Our 
model depicts the interactions between the Colicinogenic 
and sensitive population and the competition outcome upon 
invasion by endonuclease CLB plasmids. In the theoretical 
model, the switching rate of S to C represents the plasmid 
invasion stage, the death rate of C due to plasmid loss repre-
sents the plasmid addiction stage, and the switching rate of 
C to  Cg represents the integration stage. We did parameter 
sweeps to check the influence of invasion rate of endonucle-
ase CLB plasmid (λs), death of C due to plasmid loss rate, 
operon activation rate in C (λc), acquisition rate of endo-
nuclease CLB operon on the genome (λg), and CLB toxic-
ity (tox) on the competition outcome. We tested our model 
output for the otherwise possible range of values for each 
parameter to avoid biased observations and interpretations. 
The reduction in the sensitive population represents the plas-
mid invasion where the plasmid is advantaged at the cost 
of the genome. The winning population of C represents the 
quasi-cooperation (endonuclease CLB-plasmids benefit only 
the associated genomes by providing immunity to the toxin), 
where both plasmids and genomes are benefited (Fig. 4). 
Thus, genomic endonuclease CLB operons are selected as 
a counter-strategy that eliminates the burden of endonucle-
ase CLB plasmid imposed via addiction. In an evolutionary 
sense, genomic endonuclease CLB operons are no longer 
required after anti-addiction but for protection against the 
exogenous endonuclease CLBs. We then incorporated three 
genomic endonuclease CLB operon variations in the model: 
 Cg population with (i) complete operon  (Ccil); (ii) CLB activ-
ity and immunity genes but not lysis gene  (Cci); and (iii) only 
immunity gene  (Ci) (Fig. 1a). Using line graphs, we visual-
ized the dynamics of total number of endonuclease CLB 
plasmids and genomes at each time point in the simulation 
(Fig. 5). In coherence to in-silico analysis showing the high 
conservation of the immunity gene over CLB activity and 
lysis genes, the model predicts the outcome of the competi-
tion among endonuclease CLB sensitive, plasmidic endonu-
clease CLB containing population and genomic endonucle-
ase CLB containing population  (Ccil,  Cci and  Ci) in varied 
conditions (Figs. 1d, 4).

Gene‑centered model for endonuclease CLBs 
in plasmid–genome conflicts

The eco-evolutionary cycle of endonuclease CLB plasmids 
and host genomes includes plasmid invasion, plasmid addic-
tion, quasi-cooperation between the plasmids and genomes, 
plasmid loss via anti-addiction (Fig. 6). During plasmid 
invasion, the plasmid is advantaged as it propagates along 
with its host genome. With the establishment of plasmid 

addiction, only plasmid-bearing cells are selected in the 
population against plasmid-free clones despite the meta-
bolic burden incurred by the plasmid, because the plasmid-
free cells would be eliminated by the secreted endonuclease 
CLBs. The CLB proteins induce lethality in plasmid-free 
cells resulting in the elimination of competition. The plas-
mid-containing cells are resistant to exogenous CLBs due to 
the neutralizing effects of the immunity protein. A daugh-
ter cell that fails to inherit a copy of the plasmid becomes 
sensitive to the lethality of exogenous CLBs as there is 
no source for the production of cognate immunity protein 
(plasmid addiction). Through the elimination of cured cells 
and plasmid-free cells, plasmids increase their maintenance 
within the population favoring genome propagation along 
with plasmid propagation (Quasi-cooperation). The endo-
nuclease CLB operon has two promoters, an SOS promoter 
upstream to the CLB activity gene and a constitutive pro-
moter upstream to the immunity gene (Cascales et al. 2007). 
Upon DNA damage, the operon produces two mRNA tran-
scripts as there are two terminators. The minor mRNA cor-
responds to the complete operon, including the lysis gene. 
The major mRNA corresponds to the CLB activity gene 
along with its immunity gene. The translation of the major 
mRNA transcript produces the CLB activity and immunity 
proteins which then associate to form dimeric complexes 
lacking the enzymatic activity. The constitutive promoter of 
the immunity gene allows constant production of immunity 
protein, ensuring no free CLBs inside the host (Cavard et al. 
1985; Dawkins 1989). The CLB promoters are activated at 
low-level DNA damage leading to the production of bacteri-
ocin in a large proportion of the population (Mavridou et al. 
2018). In conditions of host DNA damage and the induction 
of SOS response, the increased expression from plasmid-
encoded CLBs causes lethality, without which the bacteria 
would have grown better (Gillor et al. 2008). The lysis gene 
expression results in the host cell lysis and the release of 
CLB proteins and plasmids. The released plasmids have an 
opportunity to be taken up by other cells. Occasionally, the 
CLB operon may integrate into the chromosome through 
non-specific means associated with transposons or complete 
plasmid integration. In similar cases, the host is relieved 
from plasmid addiction. The chromosomal CLB operons 
can act as anti-addiction systems by providing immunity 
protein to protect the host from exogenous CLBs. Here, 
the host genome is advantaged because the cured daughter 
cells are resistant to the endogenous and exogenous CLBs, 
and there is a reduction in the metabolic burden incurred by 
the plasmid. However, the CLB activity and lysis genes are 
costly to maintain because of lethality through DNA degra-
dation and cell membrane lysis, respectively. The immunity 
protein is essential as long as the exogenous CLBs are pre-
sent in the niche. Therefore, the lysis and colicin genes are 
lost from most chromosomal CLB operons. The weapons 
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(CLB operons) will determine the winners and outcomes in 
a conflict (between plasmids and genomes) and by the end 
of which begins the process of disarmament to reduce the 
burdens and costs of the weapons (degeneration of genomic 
CLB operons).

Discussion

The endonuclease CLBs occur predominantly on bacterial 
plasmids and genomes. However, the presence of endonucle-
ase CLB operons in a given bacterium will be either on the 
plasmid or the genome, but rarely both. The genomic endo-
nuclease CLB operons are highly degenerated except for the 
immunity gene which is highly conserved. The causes and 
consequences of the genomic CLBs and their degeneration 

is of evolutionary interest in genome–plasmids conflicts. Our 
simulation study shows that with the emergence of cells har-
bouring genomic CLBs in the population, the CLB plasmids 
no longer impose addiction. Furthermore, cells encoding the 
immunity protein (but not) outcompetes all other counter-
parts during the course of time.

The frequency and propagation patterns of genes are 
dependent on the consequences of the gene product activ-
ity, directly or indirectly. For example, it was recently shown 
that the relative gene frequency on plasmids is dependent on 
the contribution of the gene product to the fitness of the host 
cell, the time of acquisition and horizontal gene transfer rates 
(Lehtinen et al. 2021). Most genes confer direct survival or 
growth advantage by increasing the fitness of the bearers. 
The genetics of such genes is simple; the conservation or 
propagation of those genes is proportional to the degree of 
fitness conferred by the genes. Some genes, like endonucle-
ase CLB operons, confer advantages indirectly by eliminat-
ing or modulating the competitors. Thus, endonuclease CLB 
operons are ‘genetic arms’ that encode a toxin–antidote pair 
and a lysis gene, mediating the conflicts between plasmids 
and genomes. Therefore, the frequency and distribution pat-
terns of endonuclease CLB operons are deviant from the 
expected trends and are subject to eco-evolutionary dynam-
ics and contexts in terms of plasmid–genome conflicts. The 
objective of this work is to decipher the rationales that oper-
ate in the propagation of endonuclease CLB operons. This 
study is more relevant in growth conditions where there is 
no selection for plasmid-encoded traits or plasmids with no 
beneficial traits to the host.

Endonuclease CLB genes are abundant on plasmids 
(about 627 out of 1266 total colicinogenic strains) and 
equally on bacterial genomes, indicating efficient propaga-
tion and potential for horizontal gene transfer. Endonuclease 
CLB genes are found predominantly in Gammaproteobacte-
ria (Fig. 2a), indicating a form of specificity which could be 
a restriction due to their association with certain plasmids 
and their respective host range. The host range of the plas-
mids is restricted by the ability of the replication initiation 
of the plasmids within the host, i.e., the origin of replication 
should be recognized by the host cell replication machinery 
(Jain and Srivastava 2013). The abundance of endonuclease 
CLB operons implies that the consequences of the operon 
products as a unit are beneficial for the propagation of the 
bearer. Being associated with plasmids increases their proba-
bility of transfer between bacterial cells and across replicons. 
Plasmidic endonuclease CLB operons impose ‘addiction’ 
(Inglis et al. 2013), a phenomenon where the cured daugh-
ter cell is killed due to the toxic effects of the endonuclease 
CLB proteins. Despite the metabolic burden on the host, 
addiction ensures the maintenance of plasmid-bearing cells 
in the population that seems like a mutualistic interaction 
but essentially not in conditions non-selective for plasmidic 

Fig. 6  The eco-evolutionary cycle of CLB plasmids and host 
genomes. The ecological cycle can be divided into five theoretical 
stages. a Plasmid invasion. The plasmid is advantaged by its associa-
tion with the host genome. b Plasmid addiction. Cells cured of the 
plasmid are eliminated from the population. The plasmids are advan-
taged at the cost of host cells. c Quasi-cooperation. The plasmid-
containing cells are resistant to exogenous endonuclease CLBs due to 
the neutralizing effects of the immunity protein. They have increased 
genome propagation along with plasmid propagation. It is ‘quasi’ 
because the plasmid-free clones of the host cell are also killed. d 
Chromosomal integration. The chromosomal endonuclease CLB 
operons can act as anti-addiction systems by providing immunity 
protein to protect the host from exogenous endonuclease CLBs. The 
host genome is advantaged because the cured daughter cells are no 
longer killed by the plasmid-encoded endonuclease CLBs and reduce 
the metabolic burden of harboring the plasmid. e Endonuclease CLB 
operon degeneration. Selection against the lethal gene (lysis gene) 
results in stabilizing the genomic CLB operons in the population. The 
genome is in blue, and the plasmid is in red. The red and green dots 
represent CLB and its cognate immunity protein, respectively. The 
red cross represents the death of CLBs-sensitive cells by exogenous 
CLBs, and the black cross represents the lysis of colicinogenic cells 
following the endonuclease CLB operon activation
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traits. Conceivably, a bacterium harboring a endonuclease 
CLB plasmid has limited possibilities; (i) to bear with the 
plasmid due to ‘addiction’ with a relative risk of being out-
competed, (ii) to risk death upon loss of plasmid due to the 
lack of immunity protein and (iii) attain immunity by acquir-
ing endonuclease CLB operon on to the genome. Those bac-
teria that lose the endonuclease CLB plasmid are eliminated 
from the population. The survivors are those that either har-
bor the plasmid or gain the endonuclease CLB operon on the 
genome and are thus abundant.

We found a distribution pattern of endonuclease CLB 
operons among the plasmids and genomes of Gammapro-
teobacteria. Among several genera, the endonuclease CLB 
operons are predominant either on the genome or on the 
plasmids (Fig. 2b). In Pseudomonas and Salmonella, endo-
nuclease CLB operons are predominant on genomes, while 
in Klebsiella and Escherichia, endonuclease CLB operons 
are predominant on plasmids. We further explored this dis-
tribution pattern at the level of individual endonuclease 
CLB operons in relation to their functions. In theory, all 
infected bacteria have to either retain the plasmid or die 
due to CLBs. ‘Forced’ plasmid maintenance (addiction) is 
similar to being parasitized by phages (Shapiro et al. 2016). 
Phages are parasites that prey on their host through the lytic 
cycle or lysogeny for maintenance and propagation in the 
bacterial population. Bacterium cured of lysogenic prophage 
is lysed by the mature phage and is at imminent risk of sec-
ondary phage infection. In nature, the probability of CLB 
plasmid-harboring bacteria being cured of that plasmid is 
low because of addiction: a choice of plasmid maintenance 
or death. The presence of CLB operon on the genome will 
allow plasmid curing through anti-addiction, a phenomenon 
characterized by protection of the cured host by the genome 
encoded immunity protein. We devised two premises to 
test the anti-addiction hypothesis. Premise 1: a bacterium 
harboring CLB plasmid would not have an identical CLB 
operon on its genome. Premise 2: a bacterium with genomic 
CLB operon would not harbor a plasmid-encoding identi-
cal CLB operon. Within the limits of the available nucleo-
tides sequences in the NCBI database, we found only one 
instance where there is an identical sequence on the plasmid 
and two copies on the genome in Klebsiella pneumoniae 
subsp. pneumoniae KPNIH24. Statistically, our findings are 
quite significant, supporting the hypothesis that the genomic 
endonuclease CLB operons serve as anti-addiction mod-
ules. These observations were similar to the anti-addiction 
hypothesis of Toxin-antitoxin systems (Ramisetty and San-
thosh 2016; Horesh et al. 2020).

Integration of the CLB operon on the genome may allow 
the plasmid curing and provide immunity from exogenous 
CLB proteins. However, harboring genomic CLB operons 
is risky, especially in cases where there is no longer a threat 
of exogenous CLBs (the selection pressure). The immunity 

gene alone is sufficient for protection against exogenous 
CLBs. On the other hand, the activity of endonuclease CLBs 
(double-strand breaks) and the lysis proteins (cell membrane 
damage) could be lethal and increase the risk during stress 
conditions. If we compare isogenic bacterial cells with and 
without CLB plasmid, the CLB operon-harboring cell is 
disadvantaged in non-selective conditions. Interestingly, 
most endonuclease CLB operons are plasmidic, indicating 
that either endonuclease CLB operons have recently evolved 
(and yet to integrate into genomes) or that a genome with 
complete operon is inviable. We think the latter is the case 
based on the available data because a double-strand break of 
the genome due to the toxin could be lethal, and the host is 
lysed due to lysis protein. Typically, double-stranded breaks 
in bacteria are repaired through non-homologous end joining 
(NHEJ), which is highly erroneous.

To understand the counterintuitive possibility of CLB 
activity and lysis genes on the genome, we took a closer 
look at the genomic endonuclease CLB operons in terms 
of their conservation among various genera. Out of all the 
endonuclease CLB operon hits, we observed 49% of plas-
mids and nearly 1% of genomes harbor complete endonu-
clease CLB operons (colicin, immunity and lysis genes). 
The majority of the genomic colicin operons in our analysis 
either lacked intact lysis genes or lacked both colicin and 
lysis genes (Fig. 3b). Our conservation analyses highlight the 
degeneration of genomic endonuclease CLB operons relative 
to that of the plasmidic operons. We can reason that the early 
loss of the immunity gene from the genome is detrimental 
to bacterial survival. In contrast, the early loss of lysis and 
CLB activity genes benefits the host strain (Papadakos et al. 
2012). Evolution works at the level of genes whose cumu-
lative expression determines the ecological success of the 
associated replicon. Losing detrimental genes and retain-
ing beneficial genes is how the genomes are continuously 
optimized.

The expression of toxin–antidote pairs, such as endonu-
clease CLB operons, greatly influences the bacterial popu-
lation dynamics, especially during the competition. The 
release of CLB determines the composition and stability 
of microbial populations (Escalante and Travisano 2017; 
Gonze et al. 2018). Simulation-based studies have elabo-
rated on the factors such as time-point of CLB release, the 
concentration of CLB release, the initial abundance of the 
population, range of toxicity, stress conditions, resource 
availability, plasmid copy number, the concentration 
of lysis protein (Weber et al. 2014; Mader et al. 2015; 
Weiss et al. 2020), etc., which determines the competi-
tion outcome. Our theoretical analysis depicts the prob-
able advantage of genomic endonuclease CLB operons 
and their selection. In our model, the competition outcome 
is influenced by a range of parameters such as plasmid 
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invasion rate, degree of plasmid addiction, cost of lysis 
gene, chromosomal integration rate, and operon conserva-
tion rate (Fig. 4). As we see that the number of parameters 
that were swept is a multidimensional problem, the multi-
objective optimization (for example, low plasmid invasion, 
low chromosomal integration, rare beneficial mutations, 
etc.) will determine the critical parameters that allow the 
emergence and maintenance of the  Ci cell population. The 
preferential conservation of the immunity gene over CLB 
activity and lysis genes allows the host to dispose of the 
burden imposed by CLB plasmids and the cost incurred by 
CLB activity and lysis genes. Interpretation of the model 
in terms of plasmid–genome conflict gives a better picture 
of the eco-evolutionary cycle that governs the dynamicity 
in the population. In the conflict between plasmids and 
genomes, dynamic time points exist wherein genomes or 
plasmids get equal chances to outcompete the other or 
exist in cooperation (Figs. 5, 6). Introducing cell types 
containing the degenerative operons on plasmids, which is 
beyond the scope of this study, might influence the popu-
lation dynamics from a different perspective. Obtaining 
empirical evidence for these events is technically difficult 
at this point and resources. The anti-addiction hypothesis 
for endonuclease CLBs can be proved using methodology 
followed for toxin–antitoxin systems (Saavedra De Bast 
et al. 2008). The degeneration of the genomic endonucle-
ase CLB operons is methodologically challenging. The 
anti-addiction strategy evolved with the genomic CLBs 
could be adapted as a potential strategy to eradicate the 
CLB plasmids containing antibiotic resistance genes. 
A non-pathogenic sensitive strain with genomic immu-
nity gene (of CLB) could outcompete the CLB plasmid-
containing pathogens or antibiotic resistant strains. This 
strategy could augment the probiotics-based therapeutic 
approaches. Experimental competition assays should be 
explored to provide insights and possibilities of using 
genomic CLBs for treating bacterial infections.
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