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Restriction–modification (RM) systems abound in archaea as 
well as bacteria, with multiple RM systems frequently residing 
in a single genome1–3. Typically composed of two enzymatic 

activities, RM systems represent a minimal mechanism of self/non-
self discrimination4. This essential biological role is realized by the 
restriction endonuclease, which cleaves exogenous ‘non-self ’ DNA 
at well-defined sequences termed restriction sites, while the cognate 
methyltransferase prevents cleavage of endogenous ‘self ’ restriction 
sites by methylation. As a result, RM systems provide bacteria with 
innate immunity5 against bacteriophage (referred to hereafter as 
phage) infections6. While this function has typically been investi-
gated in the context of obligatorily lytic phages, the nature of inter-
actions between RM systems and temperate phages remains elusive.

In addition to horizontal spread by lysis, temperate phages can 
enter bacterial genomes as prophages and transmit vertically in the 
process termed lysogeny7. Prophages are a prevalent feature of bac-
terial genomes8 and can constitute as much as 20% of their size9. 
A large number of prophages carry genes that increase fitness of 
their bacterial hosts10–13, examples of which include determinants 
of microbial pathogenicity and virulence14–17, genes increasing 
resistance to adverse environments18, as well as those controlling 
biofilm formation19. Moreover, prophages can confer immunity to 
phage superinfection20, serve as allopathic agents during invasion 
of new environments21 and cause beneficial mutations22. An infec-
tion by a temperate phage can thus result either in host death or 
acquisition of a potentially beneficial prophage. It has recently been 
shown that some CRISPR/Cas systems, a type of bacterial adaptive 
immunity23, tolerate lysogenic infections and only interfere with 
lysis24, thus protecting their hosts without compromising prophage 
acquisition. However, tolerance to lysogeny is not a property of all 
CRISPR/Cas types25 and whether it occurs in the context of RM 
systems is not known. In other words, it is unknown whether RM 
systems as mechanisms of innate immunity distinguish between 

lytic and lysogenic infections, or whether they act as a barrier to 
prophage acquisition.

Results
To address this question, we first examined 11 RM systems originally 
isolated from Escherichia coli for their ability to prevent lytic and 
lysogenic infections. The RM systems we tested represented all four 
types into which RM systems are classified based on their molecular 
composition26. Our particular concern was whether, for any of these 
systems, the probability of a temperate phage escaping restriction 
during establishment of lysogeny substantially exceeds the prob-
ability of escape during lysis. As measures of these probabilities, we 
used the efficiency of lysogen formation (EOL) and the efficiency 
of plaque formation (EOP) (Fig. 1a), respectively. The temperate  
λ  kan phage used in these and subsequent experiments carried a 
gene rendering lysogens resistant to kanamycin, which allows for 
their direct selection. For 10 of the 11 tested RM systems, EOP 
and EOL did not differ significantly (Fig. 1b and Supplementary 
Table 1). The EOP of the eleventh RM system, EcoRV, was the low-
est observed (1.96 ×  10−8 ±  1.53 ×  10−8) and because its EOL was 
below the detection limit of the assay (< 10−7) the two efficiencies 
could not be directly compared. However, the fact that no lysogenic 
colonies were obtained suggested that the EOL of EcoRV was not 
substantially higher than its EOP. We interpret these results to be 
inconsistent with the hypothesis that any of the tested RM systems 
possess a molecular mechanism that would allow individual bac-
teria to tolerate lysogenic infections. In other words, RM systems 
cleave DNA of phages entering the lytic and lysogenic pathway 
indiscriminately, and represent a barrier to prophage acquisition in 
individual bacteria.

To understand how RM systems affect prophage acquisition at the 
population level, we infected mixed RM+ and RM− cultures growing 
in a defined minimal medium (M9 +  0.4% maltose) with λ  kan and 
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measured lysogen densities after 24 h of incubation. RM+ bacteria 
carried either EcoRI or EcoRV, two RM systems chosen due to their 
widely different probabilities of phage escape (EOP =  1.37 ×  10−5 
and 1.96 ×  10−8 for EcoRI and EcoRV, respectively (Fig. 1b)). RM+ 
and RM− bacteria were isogenic, except for their chromosomal 
markers (ara−cat+ versus ara+cat− for RM+ versus RM− in all experi-
ments). Contrary to what we anticipated based on RM systems act-
ing as a barrier to prophage acquisition in individual bacteria, RM+ 
bacteria formed more lysogens as compared to RM− (Fig. 2a) and 
were therefore more likely to acquire the prophage at the population 
level. Indeed, the RM+/RM− ratio of lysogens 24 h post-infection 
significantly exceeded the initial RM+/RM− ratio in experiments 
with both EcoRI as well as EcoRV, whereas no significant change 
was observed in phage-free controls (Fig. 2b). Notably, the RM+/
RM− fold increase following infection and subsequent selection for 
lysogens was more pronounced for EcoRV, which cleaves λ  kan with 
a higher efficiency and was thus expected to act as a stronger barrier 
to prophage acquisition. We obtained consistent results in a medium 
with a different composition (M63 +  0.4% maltose) (Supplementary 
Fig. 1). Increase in the RM+/RM− ratio also occurred when we mea-
sured the ratio of total bacteria without selection for lysogens in 
a series of daily transfers (Supplementary Fig. 2). In these experi-
ments both the RM+ and RM− populations were dominated by lyso-
gens at the time of the first transfer and remained so until the end 
of the experiment. Consistent with results of a previous study27, we 
observed a small fitness cost of EcoRI, but not EcoRV, in the absence 
of the phage (Supplementary Fig. 2).

The above experiments show that although RM systems do not 
allow individual bacteria to selectively tolerate lysogenic infec-
tions, they can increase the number of prophage-acquiring bacte-
ria at the population level. In a series of analogous experiments, we 

tested how this ability depends on the initial population composi-
tion by varying the initial density of phages and bacteria, as well as 
the initial RM+/RM− ratio. Upon infection by λ  kan and selection 
for lysogeny, bacteria carrying EcoRI and EcoRV produced more 
lysogens as compared to RM− bacteria under a wide range of initial 
conditions (Fig. 3). In experiments with EcoRI, the effect increased 
at low initial phage densities and low initial bacterial densities, as 
well as low RM+ to RM− ratios, where it reached the levels observed 
for EcoRV. However, in experiments with EcoRV, the fold increase 
in the RM+/RM− ratio was quantitatively consistent across most 
conditions tested, only decreasing at very high initial bacterial 
densities. Furthermore, in experiments with EcoRV at the initial 
RM+/RM− ratio of 100:1, no RM+ lysogens were detected and RM− 
bacteria formed only very few lysogens (102 RM− lysogens ml−1 at 
the initial ratio of 100:1 versus 107 RM− lysogens ml−1 at the ini-
tial ratio of 10:1). This is likely to be because the highly abundant 
population of immune bacteria restricts the majority of phages 
and thus protects the sensitive subpopulation from infection. The 
results show that unless overly abundant, RM systems can promote 
lysogen formation on a population level under a broad range of 
initial conditions.

To elucidate the mechanisms responsible for the unexpectedly 
high number of prophage-acquiring RM+ bacteria, we followed 
the population dynamics by estimating phage and bacterial densi-
ties at one-hour intervals. In Fig. 4a, we show representative results 
obtained in an experiment with EcoRV. During the initial four 
hours, the density of unmethylated phage increased as a fraction 
of RM bacteria was killed by unmethylated phage (Fig. 4a, black 
arrow). At the same time, a number of RM− bacteria acquired the 
prophage and formed lysogens. Since lysogens are immune to sec-
ondary infections, RM− lysogens survived and grew despite phage 
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Fig. 1 | RM systems represent a barrier to prophage acquisition in individual bacteria. a, A schematic showing possible outcomes following an infection 
of a RM-carrying bacterium by unmethylated phage λ . The phage enters the lysogenic pathway with the probability of lysogeny α and the lytic pathway 
with the probability 1 – α. The RM system fails to restrict lytic and lysogenic infections with probabilities EOP (efficiency of plaque formation) and EOL 
(efficiency of lysogen formation), respectively (solid blue arrows). Phage escape during lytic infection leads to spread of methylated phage and formation 
of a plaque. Phage escape during lysogenic infection leads to integration of the phage DNA into the genome of the host and formation of a lysogen, 
giving rise to a lysogenic colony. Infections in which the phage does not escape lead to phage restriction (dashed red arrows). The EOP is defined as the 
number of plaque-forming units (pfu) obtained on lawns of bacteria carrying a RM system (RM+), relative to the total pfu obtained on lawns of RM− 
bacteria (EOP =  pfuRM+/pfuRM−). Analogously, the EOL is defined as the relative number of lysogenic colony-forming units (lcfu) obtained after infection 
of RM+ and RM− bacteria at the phage/bacteria ratio of 1 (EOL =  lcfuRM+/lcfuRM−). b, RM systems restrict phages entering lytic and lysogenic pathways 
indiscriminately. The means of six replicates from two sets of experiments (three independent biological replicates per experiment) are shown. Error 
bars represent standard deviations. P values were calculated by unpaired, one-sided Welch’s t-test (H0: EOL ≤  EOP). The results were not signifficant 
after Bonferroni correction for multiple comparisons (Supplementary Table 1). The dashed line corresponds to EOP =  EOL. The limit of detection is 
approximately 10−10 for EOP and 10−7 for EOL, respectively. EcoRV (type II) is not plotted as its EOL was below the detection limit of the assay (the 
corresponding EOP was 1.96 ×  10−8).
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densities being still high. RM+ bacteria resisted infection and grew 
exponentially until five hours into the experiment, when the density 
of unmethylated phage peaked and first methylated phage appeared 
as a result of phage escape, which marked a turning point in the 
experiment. Because methylated phages evade restriction, they 
rapidly multiplied on RM+ bacteria and a second wave of infection 

ensued. All RM+ bacteria were either lysed or lysogenized by ten 
hours into the experiment. Importantly, the drop in the density of 
RM+ bacteria due to killing by methylated phage (Fig. 4a, red arrow) 
was substantially smaller than the earlier drop in the density of RM− 
bacteria. As a result, the final density of RM+ lysogens exceeded the 
density of RM− lysogens.
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Fig. 2 | RM systems increase the number of prophage-acquiring bacteria at the population level. a, Densities of RM+ (filled circles) and RM− (open 
circles) lysogens 24 h after infection by λ  kan. Initially, the cultures contained 107 bacteria ml−1, 105 phages ml−1 and a RM+/RM− ratio of approximately 1. 
5/5 RM+ and 5/5 RM− colonies in each experiment released free phage and were thus lysogenic. 5/5 RM+ colonies in each experiment retained restriction 
activity as tested by infection with unmodified λ  vir phage. None of the tested colonies were envelope resistant, as tested by λ  vir phage modified by 
the respective RM system. Nine replicates from three sets of experiments (three independent biological replicates per experiment) are shown. b, Grey 
bars represent mean RM+/RM− ratios of non-lysogens after 24 h incubation in the absence of the phage. White bars represent mean ratios of RM+/RM− 
lysogens 24 h after infection (calculated from data shown in a). All measurements were normalized by the respective initial RM+/RM− ratio. For the control 
(RM− vs RM−) experiments, the y axis depicts the ara−cat+/ara+cat− ratio. Nine replicates from three sets of experiments (three independent biological 
replicates per experiment) are shown as individual data points. Error bars represent standard deviations. P values were calculated by multiple linear 
regression with interaction terms, with the logarithm of RM+/RM− fold increase as a continuous dependent variable and strain identity (EcoRI/EcoRV/
control) and treatment (λ  present/λ  absent) as categorical independent variables. The control (RM− vs RM−) was set as intercept. Reported values are the 
P values for the t-statistics of the interaction terms. Asterisks indicate the level of significance (ns (not significant) P >  0.05, ***P <  0.001).
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Fig. 3 | RM systems promote prophage acquisition on a population level under a wide range of initial conditions. The plots show the effect of initial 
bacteria density (left), phage density (middle) and the initial RM+ to RM− ratio (right) on the ability of RM systems to promote lysogeny. Grey regions 
correspond to conditions examined in Fig. 2a. Each point represents the ratio of RM+ to RM− lysogens 24 h after infection normalized by the respective 
initial RM+/RM− ratio. For the control (RM− vs RM−) experiments, the y axis depicts the ara−cat+/ara+cat− ratio. Means of six replicates from two sets 
of experiments (three independent biological replicates per experiment) are shown, except for the points in grey regions, which represent means of 
nine replicates from three experiments. Small points represent results of individual replicate experiments, large points represent their means. Error bars 
represent standard deviations. P values were calculated by multiple linear regression with interaction terms, with the logarithm of RM+/RM− fold increase 
as a continuous dependent variable and strain identity (EcoRI, EcoRV or control) and treatment (initial density in left and middle plot, and initial ratio in 
right plot) as categorical independent variables. A single linear regression model was fitted to data presented in each panel with values in grey regions as 
intercepts. Reported values are the P values for the t-statistics of the interaction terms and indicate values significantly different from those shown in grey 
regions. Asterisks indicate levels of significance (ns (not significant) P >  0.05, ***P <  0.001).
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The difference in the fractions of RM+ and RM− populations 
killed during the two subsequent waves of infection was apparent 
from observing the dynamics of the RM+/RM− ratio in three sets of 
replicate experiments (Fig. 4b). In experiments with both RM sys-
tems, increases in the RM+/RM− ratio due to killing of RM− bacteria 
by unmethylated phage were more extensive than subsequent drops 
due to killing of RM+ bacteria by methylated phage. However, there 
were also subtle differences between experiments with the two RM 
systems. In the case of EcoRV, phage escape occurred later and was 
more variable in time between replicate experiments. Furthermore, 
killing of RM+ bacteria occurred later and was smaller in magnitude 
in experiments with this RM system. We observed no significant 
ratio changes in experiments controlling for the effects of chromo-
somal markers (Fig. 4b). RM systems thus did not prevent infection 
completely, but merely postponed its onset until methylated phage 
appeared and spread in the initially immune population.

In addition, the above experiments suggested that the fraction of 
RM− and RM+ bacteria lysogenized during the two waves of infec-
tion were unequal. However, when measured in early exponen-
tial phase, presence of an RM system and phage methylation did 
not affect the probability of lysogeny, that is, the probability that 
an infection by a phage, which does not get restricted, will result 
in lysogeny (Supplementary Fig. 4). Importantly, the population 
dynamics results (Fig. 4) showed that RM systems substantially 
delayed the onset of infection, which could result in altered prob-
ability of lysogeny for bacteria infected at different growth phase. 
Indeed, the probability of lysogeny is known to depend on a variety 
of host physiological parameters such as cell size28 or cAMP29 lev-
els, and increases in the stationary phase. Indeed, the probability 
of lysogeny under our experimental conditions increased over an 
order of magnitude as bacterial density increased (Fig. 5a) and the 
two variables were strongly correlated (Fig. 5a, inset).

We asked if this correlation can explain the increased number of 
prophage-acquiring RM+ bacteria by constructing and analysing a 
mathematical model of population-level interactions between tem-
perate phages and bacteria with RM systems. Numerical solutions 
assuming density-dependent probability of lysogeny correctly pre-
dicted increased abundance of RM+ lysogens for both RM systems 

(Fig. 5b and Supplementary Fig. 5). On the other hand, numerical 
solutions assuming a constant probability of lysogeny were inconsis-
tent with the experimental results and predicted both the RM+ and 
RM− bacteria to produce equal number of lysogens. RM systems 
unable to selectively discriminate between lytic and lysogenic infec-
tions can thus benefit their hosts without compromising prophage 
acquisition simply by delaying infection onset. This delay allows the 
initially immune bacteria to reach densities at which the probability 
of an infection resulting in prophage acquisition is increased and 
the risk of lysis reduced.

Because more potent RM systems introduce longer delays in 
infection onset (Supplementary Fig. 6), the number of prophage-
acquiring bacteria increases with decreasing probability of phage 
escape (Fig. 5b inset and Supplementary Fig. 6). In addition to pre-
dicting the increased probability of prophage acquisition by RM+ 
bacteria, our model thus also explained the quantitative difference 
in effects caused by EcoRI and EcoRV. The model with density- 
dependent probability of lysogeny further predicted both RM sys-
tems to promote prophage acquisition under the wide range of initial 
conditions experimentally tested in Fig. 3 (Supplementary Fig. 7).  
While the model captured the general effect of the initial bacterial 
density and initial RM+/RM− ratio, it was inaccurate in predicting 
the increased effect at low initial phage densities observed for EcoRI. 
This disagreement is likely to be caused by simplifying assumptions 
used by the model, such as constancy of all parameters other than 
the probability of lysogeny, or not accounting for effects associated 
with multiple infections (Supplementary Methods).

Because phages escape restriction with a considerably low prob-
ability, we asked how stochastic effects could influence the model 
dynamics. Numerical simulations of a full stochastic version of 
the model yielded results quantitatively consistent with the deter-
ministic model, demonstrating that stochastic ‘noise’ played a rel-
atively small role (Fig. 5b and Supplementary Fig. 8). In contrast, 
the experimental results exhibited higher variability, which could 
be a result of additional sources of variation not captured by the 
stochastic model, such as small differences in initial conditions, 
sampling and measurement noise, as well as phenotypic vari-
ability. Importantly, both the deterministic and stochastic model  
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predicted values slightly underestimating the experimentally mea-
sured results for EcoRV (Fig. 5b inset). This underestimation might 
be a result of parameter uncertainty. For example, in addition to 
the RM efficiency, the population dynamics critically depend on the 
rate at which the probability of lysogeny increases with cell den-
sity, and a moderate increase in this rate significantly improves the 
quantitative agreement between model predictions and the experi-
mental data (Fig. 5b inset).

A modified version of our mathematical model (Supplementary 
Methods) suggests that, as long as immunity is not absolute and 
phage escape mutants can be generated30,31, the population-level 
advantage for acquiring prophages described here on the example 
of RM systems would also hold for CRISPR/Cas adaptive immune 
mechanisms unable to distinguish lytic from lysogenic infections25 
(Supplementary Fig. 9). Such dynamics could help explain the fre-
quent genomic co-occurrence of prophages with CRISPR/Cas32 
genes even though, similarly to RM systems, most CRISPR/Cas sys-
tems prevent lysogeny at the level of individuals.

Discussion
Phages are the most abundant biological entity on Earth33 and, 
although typically seen as a threat to bacteria, they do more than 
simply kill their hosts. Phages play a major role as vectors of hori-
zontal gene transfer34, which is a key source of variation for prokary-
otic evolution35. This dual role is especially important in the case of 
temperate phages, where each infection can result in the host either 
dying, or acquiring potentially fitness-augmenting genes. As a key 
life-history trait, the probability of lysogeny is not constant, but 
instead depends on a variety of factors such as host physiology28,36 
and multiplicity of infection37,38. For example, bacterial cell size, 
which decreases with population density39, is an important deter-
minant of phage decision making, with small cells preferentially 
entering lysogeny following infection28. The results presented here 
demonstrate how, as a result of increasing probability of lysogeny,  

RM systems as mechanisms of bacterial innate immunity can ben-
efit their hosts without posing a barrier to prophage acquisition. 
Switching of phage communities from dominance of lysis to lysog-
eny at high microbial densities has been proposed to occur in a wide 
range of ecosystems40, and the general relationship between bacte-
rial density and lysogeny is a matter of current debate41. Moreover, 
some temperate phages have been shown to use chemical signalling 
to collectively increase the probability of lysogeny as the number of 
infections in a population increases42. This being said, the ecological 
and evolutionary forces determining the probability of lysogeny of 
temperate phages in general remain poorly understood43 and repre-
sent a direction for future research.

In addition to acting as a mechanism of host defense, a variety of 
biological roles have been proposed for RM systems2, including the 
control of genetic flux4, 44 and selfish behaviour45. Tipping the balance 
from lysis towards lysogeny in the presence of temperate phages, 
as demonstrated here, could be another of the multitude of effects 
these simple genetic elements exert on their hosts. Bioinformatics 
studies revealed a lack of a negative relationship between the num-
ber of RM systems and presence of prophages in bacteria with large 
genomes, whereas bacteria with small genomes encoding more RM 
systems were more likely to carry prophages3. Our results offer an 
explanation of these observations in face of the fact that RM systems 
do not tolerate lysogenic infections. In addition, temperate phages 
were shown to avoid restriction sites to a lesser extent than virulent 
phages46, suggesting that the two classes of phages are indeed subject 
to different selection pressures. While numerous experimental stud-
ies have focused on interactions between bacterial immune systems 
and virulent phages47–50, the nature of interactions between bacterial 
immunity and temperate phages are yet to be explored. The results 
of this study underscore the critical role of population-level dynam-
ics in understanding the evolution and evolutionary consequences 
of even such simple and mechanistically well-understood genetic 
elements such as RM systems and phage λ .
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correlation =  0.92, P =  2.24 × 10−20). b, Numerical solutions of the deterministic model are shown as bright coloured curves. Pale curves represent 
results of six independent stochastic simulations. Dashed curves represent solutions assuming constant probability of lysogeny. Solid curves represent 
solutions assuming density-dependent probability of lysogeny. Full population dynamics are shown in Supplementary Fig. 5 (deterministic model) and 
Supplementary Fig. 8 (stochastic model). The inset shows the RM+/RM− fold increase as a function of phage escape probability μ for different values of 
the parameter b quantifying the rate with which the probability of lysogeny increases with bacterial density. Shaded areas represent corresponding analytic 
approximations. Experimentally determined values for EcoRI and EcoRV as shown in Fig. 2b are shown as red and blue points, respectively.
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Methods
Mathematical model of interaction dynamics between RM systems and 
temperate phages. The presented mathematical model is an extended combination 
of previously described mathematical models48, 51. We assume a well-mixed habitat 
of unitary volume, in which RM− (i =  0) and RM+ bacteria (i =  1) are present as 
non-lysogens and lysogens at densities −B t( )i  and B t( )i

P  (cells ml−1), respectively. 
The phage is present either in a methylated or unmethylated form at density P−(t) 
and P+(t) (phages ml−1), respectively. We assume that, in the absence of phages, 
all bacteria grow exponentially with the same rate ‘constant’ ψ(R(t)) =  νmaxR(t)/
(κ +  R(t)) (h−1), where R(t) (μ g ml−1) is the concentration of the unique limiting 
resource, νmax (h−1) is the maximum growth rate constant and κ (μ g ml−1) is the 
resource concentration at which growth is half-maximal. While we observed a 
small fitness cost of EcoRI under the conditions used27 (Supplementary Fig. 2), this 
cost is negligible at the timescale of the 24 h experiments explored by our model. 
We therefore assume equal values for κ and vmax for all bacteria (Supplementary 
Table 2). The resource is consumed by the bacteria at a rate proportional to their 
growth rate with a constant of proportionality ε (μ g cell−1; conversion parameter). 
Phages adsorb to all bacteria at a rate jointly proportional to their densities with a 
constant of proportionality δ (ml h−1; adsorption rate constant). For RM− bacteria 
infected by methylated or unmethylated phages and RM+ bacteria infected by 
methylated phages, we assume that a fraction α (dimensionless; probability 
of lysogeny) of infections result in lysogeny, whereas the remaining (1 −  α) of 
infections lead to lysis and release of β  (phage particles; burst size) phage particles 
with the methylation state of the host in which they were produced. Here, we 
assume that the fraction α is constant. However, in the following section we drop 
this assumption and α will become a function of the total produced biomass. 
For the sake of simplicity, the model only assumes lysis and lysogeny as possible 
outcomes of successful infections and does not consider pseudolysogeny, which 
can occur under conditions of severe nutrient limitation52. For RM+ bacteria 
infected by unmethylated phages, the fraction μ (dimensionless; phage escape 
probability) of infections leads to phage escape, whereas the remaining (1 −  μ) 
infections result in phage restriction. We assume equal μ for lytic and lysogenic 
infections (Fig. 1b). The bacteria in which the infected phage was restricted 
are assumed to maintain viability. For both RM− and RM+ lysogens, secondary 
infections do not lead to lysis, and the infecting phages are lost. We assume a 
time delay of τ (h; latent period) between adsorption and lysis. Lysogens lyse 
spontaneously at rate ξ (h−1; induction rate) and produce β  particles with the 
methylation state of the host in which they were produced.

Given these assumptions, the model describing the infection of a mixed 
population of RM− and RM+ bacteria by initially unmodified phages is given by the 
following set of delay-differential equations (DDEs):
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Note that the rate of phage production by lysis at any given time t depends on the 
density of non-lysogens and phages at time t −  τ due to the latent period between 
adsorption and lysis. In all simulations, we assume that phages are added to the 
system at t =  0, that is, we assume P−(t <  0) =  P+(t <  0) =  0. The parameters of the 
model (Supplementary Table 2) were estimated experimentally as described in 
Supplementary Methods. Initial conditions are given in Supplementary Table 3. 
Deterministic simulations as well as the numeric parameter sensitivity analysis 
were performed using Matlab R2015a (The MathWorks, Natick, MA, USA) using 
the dde23 solver.

Model assuming non-constant probability of lysogeny. The experiments 
presented in Fig. 4a showed a clear correlation between the probability of 
lysogeny α, and the bacterial density at the time of infection. Since the underlying 
mechanism responsible for this correlation is unknown, we incorporate this 
dependency into the mathematical model by replacing the constant probability  
of lysogeny by a function α(N(t)) =  aNb(t) of the total produced biomass N(t).  
The amount of biomass produced is given by the solution of the additional 
differential equation

ψ= + + +− −dN
dt

t R t B t B t B t B t( ) ( ( ))( ( ) ( ) ( ) ( ))P P
0 0 1 1

with initial condition = + + + .− −N B B B B(0) (0) (0) (0) (0)P P
0 0 1 1  Unlike the total cell 

density, N(t) is monotonically increasing in time, and is less sensitive to specific 
modelling decisions, such as the time point until which infected bacteria influence 
the probability of lysogeny of other infection events. Furthermore, because R(t) +  ε 
N(t) is always constant, rendering the probability of lysogeny a function of the total 
produced biomass is equivalent to rendering it a function of the limiting resource.

Media and growth conditions. Unless otherwise stated, bacteria were grown 
in M9 maltose medium (1x M9 salts (12.8 g l−1 Na2HPO4.7H2O, 3 g l−1 KH2PO4, 
0.5 g l−1 NaCl, 1 g l−1 NH4Cl), 0.4% maltose, 2 mM MgSO4, 0.1 mM CaCl2) at 37 °C 
with vigorous shaking. M63 medium (1×  M63 salts (2 g l−1 (NH4)2SO4, 13.6 g l−1 
KH2PO4, 0.5 mg l−1 FeSO4.7H2O), 0.4% maltose, 2 mM MgSO4, 0.2 mM CaCl2) was 
used for experiments shown in Supplementary Fig. 1. Adding 0.2 mM CaCl2 into 
the M63 medium was necessary for successful infection by λ  kan. We used defined 
media for the competition experiments to increase reproducibility and provide 
well-defined physiological conditions, in which bacteria compete for a single 
limiting resource (maltose), which is also an assumption of our mathematical 
model. The maintenance of EcoRI and EcoRV plasmids was selected for with 
100 μ g ml−1 ampicillin. For the estimation of bacterial density, 10–100 μ l of a 
diluted sample was plated on petri dishes and spread with sterile glass beads. LB 
plates (1% agar) were used for estimating the total bacterial density. Tetrazolium-
arabinose (TA) agar plates (1% tryptone, 0.1% yeast extract, 0.5% NaCl, 1% agar, 
1% arabinose, 0.005% tetrazolium (Sigma-Aldrich)) were used as indicator plates 
to estimate density of ara+cat− and ara−cat+ bacteria. When the frequency of one 
of the two types was below 1:50, M9 minimal arabinose plates (1×  M9 salts, 0.4% 
arabinose, 2 mM MgSO4, 0.1 mM CaCl2, 1% agar) and LB plates supplemented 
with chloramphenicol (50 μ g ml−1) were used to estimate densities of ara+cat− and 
ara−cat+ bacteria, respectively. Kanamycin (20 μ g ml−1) was added to LB, TA and 
chloramphenicol plates to select for lysogens. Phage plates (1% tryptone, 0.1% 
yeast extract, 0.8% NaCl, 1% agar, 0.01% glucose, 0.2 mM CaCl2) were used for 
estimating phage density. Lawns of RM− or RM+ bacteria prepared by mixing 
100 μ l of overnight cultures in 3 ml of phage soft agar (1% tryptone, 0.1% yeast 
extract, 0.8% NaCl, 0.7% agar, 0.01% glucose, 0.2 mM CaCl2) were used to estimate 
densities of total and methylated phage, respectively. Dilutions were performed in 
96-well plates with SM buffer. All plates were incubated at 37 °C overnight, with the 
exception of M9 minimal arabinose plates, which were incubated for at least 36 h 
before counting. Colonies and plaques were counted manually. Several dilutions 
were plated for each measurement and, whenever possible, plates with 20–200 
colonies (or plaques) were counted.

Lysate preparation. Phage lysates were prepared by plate lysis. Specifically, 
individual phage plaques were picked with a sterile pipette tip, resuspended in 3 ml 
of phage soft agar together with 100 μ l of overnight bacterial culture and plated on 
top of phage plates. The plates were then incubated at 37 °C overnight. The soft 
agar was scraped with a sterile microscope glass slide, resuspended in 10 ml of SM 
buffer (100 mM NaCl, 8 mM MgSO4, 200 mM Tris-Cl (pH 7.5)) with a few drops 
of chloroform to kill the residual bacteria. The lysates were then centrifuged to 
remove the leftover agar, sterilized by filtration (0.2 μ m) and stored at 4 °C. The λ  
kan lysates used for competition experiments were grown on lawns of MG1655. 
The same lysates were used to measure the EOP and EOL of EcoRI, EcoRV, EcoPI, 
EcoP15I and EcoVIII RM systems. Because the MG1655 strain carries a type I RM 
system (EcoKI), the lysates used to measure the EOP and EOL of EcoAI, EcoBI, 
EcoKI and EcoR124I were obtained by growing λ  kan on E. coli C-1, a strain devoid 
of methyltransferases. These lysates were also used to measure the EOP and EOL 
of EcoRII, a RM system whose recognition sequence overlaps with the solitary 
methyltransferase dcm present in MG165553. The lysates used to measure the 
EOP and EOL of EcoKMcrBC, a type IV RM system cleaving DNA with the PvuII 
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methylation pattern were obtained by growing λ  kan on the MP084 strain carrying 
a plasmid with this RM system (pPvuII 3.454).

Measuring efficiencies of plaque and lysogen formation. For EOP, serially 
diluted λ  kan lysate was mixed with 0.1 ml of an overnight culture (LB) in 3 ml of 
phage soft agar and spread on phage plates. EOP was calculated as the relative ratio 
of the plaque-forming units (pfu) obtained on lawns of RM+ and RM− bacteria 
(EOP =  pfuRM+/pfuRM−). For EOL, 0.5 ml of an overnight culture (~108 bacteria) 
was mixed with the λ  kan lysate to reach a phage/bacteria ratio of 1. Samples 
were incubated on ice for 30 min to allow for phage adsorption, then incubated 
for additional 30 min at 37 °C to allow for phage infection and expression of 
kanamycin resistance. To prevent formation of lysogens on agar plates, samples 
were washed once with SM buffer to wash away the non-adsorbed phage. Serial 
dilutions were plated on LB plates with 20 μ g ml−1 kanamycin to estimate the 
density of lysogenic colony-forming units (lcfu). EOL was calculated as the relative 
ratio of lcfu obtained for RM+ and RM− bacteria (EOL =  lcfuRM+/lcfuRM−). The 
following strains and plasmids were used in these experiments (the RM systems 
carried by the strains/plasmids are shown in brackets): NK354 (EcoAI), WA251 
(EcoBI), MG1655 (EcoKI and EcoKMcrBC), NK402 (EcoR124I), pBR322Δ 
Ptet EcoRI (R+M+) (EcoRI), pMPR001 (EcoRII), pBR322Δ Ptet EcoRV (R+M+) 
(EcoRV), pRR0 (EcoVIII), pNR201 (EcoP1) and pNR301 (EcoP15I).

Competition experiments. All competitions were between MG1655 (ara+cat−) 
and MP085 (ara−cat+) strains. These strains carried either the empty pBR322Δ 
Ptet plasmid (RM−), or one of the plasmids carrying an RM system: pBR322Δ 
Ptet EcoRI (R+M+), or pBR322Δ Ptet EcoRV (R+M+)27. Individual colonies from 
overnight plates were inoculated into 2 ml of medium and grown for 24 h at 37 °C 
with vigorous shaking. The two strains were then mixed in a desired ratio and 
diluted 1:100 into fresh medium. Mixtures were first grown for 24 h at 37 °C in 
the absence of phage and then diluted into two separate tubes with 2 ml of fresh 
medium to reach the desired bacteria density. λ  kan lysates grown on MG1655 
were diluted in SM buffer and 2 μ l of the corresponding dilution was added to 
reach the desired phage density. When the ratio between the two types was close to 
1, the density of RM+ and RM− lysogens was estimated simultaneously by plating 
diluted cultures on TA plates supplemented with 20 μ g ml−1 kanamycin. Otherwise, 
the densities were estimated individually by plating the samples either on LB plates 
with both kanamycin and chloramphenicol (RM+ lysogens), or minimal arabinose 
plates with kanamycin (RM− lysogens). The control cultures grown in the absence 
of the phage were plated on TA plates without kanamycin. The RM+/RM− fold 
increase was calculated as
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is the ratio of sensitive bacteria at the beginning of the experiment.
In experiments presented in Supplementary Fig. 2, the cultures were serially 

transferred every 24 h by 1:100 dilution into 2 ml of medium and bacterial 
densities were estimated by plating on TA plates. After the first and last day of 
the experiment, five colonies of both types from each culture were tested for their 
ability to grow on kanamycin to test for lysogeny. For the experiments depicted 
in Fig. 4, mixed cultures were diluted 1:100 into 10 ml of fresh medium and 
infected with λ  kan to reach the density of approximately 105 pfu ml−1. Cultures 
were incubated inside an Innova 3100 (New Brunswick) water bath at 37 °C with 
constant shaking. Samples (200 µ l) were taken at 1 h intervals.

Measuring the probability of lysogeny. Overnight cultures were diluted 1:100 
and grown for 4 h at 37 °C with vigorous shaking. 1 ml samples were infected 
with λ  kan at a phage/bacteria ratio equal to 0.1. Samples were incubated on ice 
for 30 min to allow for phage adsorption, then incubated for additional 30 min at 
37 °C to allow for phage infection and expression of kanamycin resistance. Infected 
bacteria were washed with SM buffer to remove the non-adsorbed phage and 
serial dilutions were plated on (1) LB kanamycin plates to estimate the density of 
lcfu, and (2) lawns of sensitive bacteria to estimate the density of infective centres, 
counted as pfu. The plates to estimate the density of infected centres were exposed 
to UV before incubation to make sure that majority of the infections are lytic. The 
probability of lysogeny was calculated as α =  lcfu/pfu. In experiments depicted in 
Fig. 5b, overnight cultures were diluted 1:100 into fresh medium and incubated 

at 37 °C with vigorous shaking. Samples were taken at 2 h intervals and α was 
measured as above. At each time point, λ  kan was added to reach a phage/bacteria 
ratio of 0.1.

Statistical analysis. All statistical tests were performed using Matlab R2015a (The 
MathWorks, Natick, MA, USA). In Fig. 1b, the EOP and EOL were compared for 
each RM system individually using Welch’s t-test (H0: EOL ≤  EOP). The level of 
significance was adjusted using Bonferroni correction for multiple comparisons: 
α = = .. 0 0050 05

10 . Linear regression models were fit using the fitlm() command. 
RM+/RM− fold increase data were log-transformed before analysis. Normal 
distribution of errors was verified by residual analysis. The symbols depicting levels 
of significance correspond to: ns (not significant) P >  0.05, *P <  0.05, **P <  0.01, 
***P <  0.001.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Code availability. All simulation scripts are available from the corresponding 
author upon reasonable request.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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