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Supplemental Text

1. Ecological model of the tripartite interaction of S. Tm, the colicin plasmid and

a lysogenic phage in the group B colicin system

In order to address the effect of evolutionary forces on the group B colicin system in S. Tm,

we devised a model based on ordinary differential equations (ODEs), as described in the main

text Figure 3. The model takes into account S. Tm, the plasmid harboring the colicin Ib (cib)

and colicin Ib immunity (imm) genes, a prototype for a functional lysogenic S. Tm phage and

a competing species (e.g. commensal E. coli ; Figure 3; Table S3).
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The parameter values used for the model are based on a combination of experimental data,

literature and estimations (Obeng, Spriewald and Stecher, unpublished; Table S3).

This ecological model was used as the basis to analyze the evolutionary stability of bacterial

lysis using adaptive dynamics (see below), from the phages’ perspective (with and without

colicin production).

The compartments of the ecological model are:

e competitor (E. coli)

s−− S. Tm without plasmids and without phages

s+
− S. Tm without plasmids and with phages

s−+ S. Tm with plasmids and without phages, not producing colicin but immune to colicin

s+
+ S. Tm with plasmids and with phages, not producing colicin but immune to colicin

s−+c S. Tm with plasmids and without phages, producing colicin and immune to colicin.

No colicin release

s+
+c S. Tm with plasmids and with phages, producing colicin and immune to colicin.

Colicin release

Φ free phages

C free colicin

The S. Tm population is denoted with s, the superscript indicates the presence (+) or absence

(-) of the prophage and the subscript indicates the presence (+) or absence (-) of the plasmid.

The c in the subscript indicates that the bacterium is producing colicin.

The dynamics of the system are given by the following ODEs:

e′ = D(e0(t)− e) + ree(1− p/K)− ψ C e

s−−
′

= D(s0(t)− s−−) + r s−−(1− p/K)− β(s−+ + s+
+ + s−+c + s+

+c)s
−
−
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−λΦ s−− − ψ C s−−

s−+
′

= −D s−+ + r s−+(1− p/K) + β(s−+ + s+
+ + s−+c + s+

+c)s
−
−

−λΦ s−+ − S(t) ζacts
−
+ + (1− S(t)) ζdeActs

−
+c

s−+c
′

= −D s−+c + r s−+c(1− p/K)

−λΦ s−+ + S(t) ζacts
−
+ − (1− S(t)) ζdeActs

−
+c

s+
−
′

= −D s+
− + r s+

−(1− p/K)− β(s−+ + s+
+ + s−+c + s+

+c)s
+
−

+ρ λΦ s−− − ψ C s+
− − δ(t)s+

−

s+
+
′

= −D s+
+ + r s+

+(1− p/K) + β(s−+ + s+
+ + s−+c + s+

+c)s
+
−

+ρ λΦ s−+ − δ(t)s+
+ − S(t) ζacts

+
+ + (1− S(t)) ζdeActs

+
+c

s+
+c
′

= −D s+
+c + r s+

+c(1− p/K)

+ρ λΦ s−+c − δ(t)s+
+c + S(t) ζacts

+
+ − (1− S(t)) ζdeActs

+
+c

Φ′ = −DΦ + L δ(t)(s+
− + s+

+ + s+
+c) + (1− ρ)LλΦ (s−− + s−+ + s−+c)− γΦ Φ

C ′ = −DC + LC(δ(t)s+
+c + (1− ρ)λΦ s−+c)− γC C,

where

p = s−− + s−+ + s−+c + s+
− + s+

+ + s+
+c + e,

S(t) ∈ {0, 1} indicates stress (s = 1) or no-stress (s = 0) conditions, and δ(t) = δnoStress if

there is no stress, and δ(t) = δStress for stress conditions. During acute infection conditions

there is inflow at rate s0 (into s−−) resp. e0 (into e), with s0, e0 stated in Table S3. Stress signal

and acute infection conditions are periodic with period T . Acute infection is always present for

t ∈ [0, T/2]. For a reliable stress signal, S(t) = 1 in t ∈ [0, T/2] and S(t) = 0 for the remaining

part of the period. For non-reliable stress signals, S(t) = 1 in t ∈ [0, T/2] ∪ [15T/24, 17T/24]
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and zero in the complementary part of the period.

2. Adaptive dynamics of the evolutionary stability of lysis in the group B colicin

system

We investigated the evolutionary stability of lysis from the phages’ perspective i.e. investigated

the fate of mutant phages with higher or lower lysis rate via adaptive dynamics. For this

procedure, mutant phages (with altered δStress or ρ) are introduced into the ecological model.

These mutants may appear as free infectious phages, but also as prophages in S. Tm.

Thus, we add the following compartments to the ecological model:

sm− S. Tm without plasmids and with mutant phages

sm+ S. Tm with plasmids and with mutant phages, not producing but immune to colicin

sm+c S. Tm with plasmids and with mutant phages, producing and immune to colicin.

Colicin release

Φm free mutant phages

The presence of a mutant phage is now symbolized by a superscript m instead of the superscript

+ that is used for the wild type phages. Free mutant phages are denoted by Φm.

We augment the equations accordingly. Here, δm(t) and ρm denote the respective parameters

of the mutants:

e′ = D(e0(t)− e) + ree(1− p/K)− ψ C e

s−−
′

= D(s0(t)− s−−) + r s−−(1− p/K)− β(s−+ + s+
+ + sm+ + s−+c + s+

+c + sm+c) s
−
−

−λΦ s−− − λΦm s
−
− − ψ C s−−

s−+
′

= −D s−+ + r s−+(1− p/K) + β(s−+ + s+
+ + sm+ + s−+c + s+

+c + sm+c)s
−
−

−λΦ s−+ − λΦm s−+ − S(t) ζacts
−
+ + (1− S(t)) ζdeActs

−
+c
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s−+c
′

= −D s−+c + r s−+c(1− p/K)

−λΦ s−+ − λΦm s−+ + S(t) ζacts
−
+ − (1− S(t)) ζdeActs

−
+c

s+
−
′

= −D s+
− + r s+

−(1− p/K)− β(s−+ + s+
+ + sm+ + s−+c + s+

+c + sm+c)s
+
−

+ρ λΦ s−− − ψ C s+
− − δ(t)s+

−

s+
+
′

= −D s+
+ + r s+

+(1− p/K) + β(s−+ + s+
+ + sm+ + s−+c + s+

+c + sm+c)s
+
−

+ρ λΦ s−+ − δ(t)s+
+ − S(t) ζacts

+
+ + (1− S(t)) ζdeActs

+
+c

s+
+c
′

= −D s+
+c + r s+

+c(1− p/K)

+ρ λΦ s−+c − δ(t)s+
+c + S(t) ζacts

+
+ − (1− S(t)) ζdeActs

+
+c

Φ′ = −DΦ + L δ(t)(s+
− + s+

+ + s+
+c) + (1− ρ)LλΦ (s−− + s−+ + s−+c)

−γΦ Φ

C ′ = −DC + LC(δ(t)s+
+c + (1− ρ)λΦ s−+c + δm(t)sm+c

+(1− ρm)λΦ s−+c)− γC C

sm−
′ = −D sm− + r sm− (1− p/K)− β(s−+ + s+

+ + sm+ + s−+c + s+
+c

+sm+c) s
m
− + ρm λΦm s

−
− − ψ C sm− − δm(t)sm−

sm+
′ = −D sm+ + r sm+ (1− p/K) + β(s−+ + s+

+ + sm+ + s−+c + s+
+c

+sm+c) s
m
− + ρm λΦm s

−
+ − δm(t)sm+ − S(t) ζacts

m
+

+(1− S(t)) ζdeActs
m
+c

sm+c
′ = −D sm+c + r sm+c(1− p/K)

+ρm λΦm s
−
+c − δm(t)sm+c + S(t) ζacts

m
+ − (1− S(t)) ζdeActs

m
+c

Φ′m = −DΦm + L δm(t)(sm− + sm+ + sm+c)

+(1− ρm)LλΦm (s−− + s−+ + s−+c)− γΦ Φm,
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where

p = s−− + s−+ + s−+c + s+
− + sm− + s+

+ + sm+ + s+
+c + sm+c + e,

and δm(t) = δnoStress = 0 if there is no stress, and δm(t) = δStress,m else.

In absence of the mutant the solution for the resident is periodic. We introduce mutants

at very small numbers and measure the Lyapunov exponent. If the Lyapunov exponent is

positive, the mutant can spread, if it is negative, the mutant dies out. It has been checked

numerically for a sample of parameter values that a rare mutant that can spread eventually

outcompetes the resident, such that the resident dies out and the mutant becomes the new

resident. This numerical analysis indicates that the present model satisfies the prerequisites for

adaptive dynamics. The pairwise invasibility plots show the sign of the Lyapunov coefficient for

different parameter values. The ESS can be read off the pairwise invasibility plots, as discussed

in the main text (Figure 4).

Numerical procedure to determine the Lyapunov exponent: The ODE has been solved

for a burn-in phase of four periods where all mutant compartments are taken to zero. Then,

rare mutants are added; the initial density is chosen proportional to the corresponding wild

life densities, scaled in such a way that the total inital mutant population was 10−8U . A

further burn-in phase of 8.6 (resp. 2.6 periods for the model without colicin) periods was used.

Subsequently the Lyapunov coefficient has been measured during two periods. If the Lyapunov

coefficient has been smaller than zero, we decided that the mutant is not able to invade, if the

coefficient was larger than zero, we decided that the mutant can invade.

For the analysis of the model without colicin production, we took LC = 0.

We have only investigated evolutionary stability of lysis from the phages’ perspective, i.e.

investigated the fate of mutant phages with higher or lower lysis rate. It is imaginable that also
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bacterial mutants arise with mutations affecting the lysis rate by the phage (e.g. in signaling

pathways of the SOS response). Mutations in this pathway would on the one hand influence

the kinetics of prophage-mediated cell lysis. On the other hand, other genes regulated by the

SOS-response, such as DNA-repair mechanisms and cell division would be affected. Therefore,

more parameters would be required to model this complex trade-off between benefits and costs

of bacterial mutations affecting the outcome of prophage-induction.
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Supplemental Movies

Movie S1: CellAsicr live cell microscopy of S. TmWTpPcib gfp. Using the CellASICr

ONIX microfluidic system (Millipore), microcolonies of S. TmWTpPcib gfp were initially grown

in LB for 3 h. Subsequently, the media was exchanged against LB supplemented with DTPA

(100 µM) to induce cib (gfp) expression only. 20 min later, LB media containing DTPA (100

µM) and MitC (0.5 µg/ml) was applied, to induce full expression of cib (gfp) and in addition

prophage-mediated cell lysis for 20 min. Afterwards, the media was changed back to LB

supplemented with DTPA (100 µM) only for the remaining time. (A) Merged brightfield- and

GFP-channel. (B) GFP channel only.

Movie S2: CellAsicr live cell microscopy of S. TmPhpPcib gfp. Using the CellASICr

ONIX microfluidic system (Millipore), microcolonies of S. TmPhpPcib gfp were initially grown

in LB for 3 h. Subsequently, the media was exchanged against LB supplemented with DTPA

(100 µM) to induce cib (gfp) expression only. 20 min later, LB media containing DTPA (100

µM) and MitC (0.5 µg/ml) was applied for 20 min, to induce full expression of cib (gfp) and to

show the failure of cell lysis in the absence of prophages. Afterwards, the media was changed

back to LB supplemented with DTPA (100 µM) only for the remaining time. (A) Merged

brightfield- and GFP-channel. (B) GFP channel only.

Movie S3: CellAsicr live cell microscopy of S. TmlysST ::T7 polpPT7 rfpPcib gfp.

Using the CellASICr ONIX microfluidic system (Millipore), microcolonies of S.

TmlysST ::T7 polpPT7 rfpPcib gfp were initially grown in LB for 3 h. Subsequently, the media was

exchanged against LB supplemented with DTPA (100 µM) to induce cib (gfp) expression only.
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20 min later, LB media containing DTPA (100 µM) and MitC (0.5 µg/ml) was applied for

20 min, to induce full expression of cib (gfp) and ST64B prophage lysis gene induction (rfp).

Afterwards, the media was changed back to LB supplemented with DTPA (100 µM) only for

the remaining time. (A) Merged GFP- and RFP-channel. (B) GFP (cib expression) channel

only (C) RFP (ST64B prophage lysis gene expression) channel only.
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