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SUMMARY

Restriction-modification (RM) systems represent a
minimal and ubiquitous biological system of self/
non-self discrimination in prokaryotes [1], which
protects hosts from exogenous DNA [2]. The mech-
anism is based on the balance between methyl-
transferase (M) and cognate restriction endonu-
clease (R). M tags endogenous DNA as self by
methylating short specific DNA sequences called
restriction sites, whereas R recognizes unmethy-
lated restriction sites as non-self and introduces a
double-stranded DNA break [3]. Restriction sites
are significantly underrepresented in prokaryotic
genomes [4–7], suggesting that the discrimination
mechanism is imperfect and occasionally leads to
autoimmunity due to self-DNA cleavage (self-re-
striction) [8]. Furthermore, RM systems can pro-
mote DNA recombination [9] and contribute to
genetic variation in microbial populations, thus
facilitating adaptive evolution [10]. However, cleav-
age of self-DNA by RM systems as elements
shaping prokaryotic genomes has not been directly
detected, and its cause, frequency, and outcome
are unknown. We quantify self-restriction caused
by two RM systems of Escherichia coli and find
that, in agreement with levels of restriction site
avoidance, EcoRI, but not EcoRV, cleaves self-
DNA at a measurable rate. Self-restriction is a sto-
chastic process, which temporarily induces the
SOS response, and is followed by DNA repair,
maintaining cell viability. We find that RM systems
with higher restriction efficiency against bacterio-
phage infections exhibit a higher rate of self-re-
striction, and that this rate can be further increased
by stochastic imbalance between R and M. Our re-
sults identify molecular noise in RM systems as a
factor shaping prokaryotic genomes.
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RESULTS AND DISCUSSION

EcoRI, but Not EcoRV, Induces DNA Damage in Host
Bacteria
We hypothesized that natively occurring restriction-modifica-

tion (RM) systems cause occasional self-restriction and that

this is detrimental to their host bacteria. To test this hypothe-

sis, we compared population doubling times of Escherichia

coli MG1655 (wild-type) with plasmids carrying EcoRI or

EcoRV RM systems (R+M+) expressed from their native pro-

moters, respective control plasmids deficient in R activity

(R�M+), and the plasmid backbone control (R�M�) (Fig-

ure S1A). Population doubling times of cells carrying EcoRI

and EcoRV (R+M+) plasmids did not significantly differ from

the controls (Table 1), indicating that self-restriction is either

rare and/or its effect is small due to the ability of wild-type

cells to repair DNA damage [11, 12]. We observed no measur-

able fitness effect in direct competitions between (R+M+) and

(R�M+) strains of EcoRI and EcoRV in rich medium (M9, 0.4%

glucose, 0.2% casamino acids) (Figure S1B) but observed

decreased fitness due to EcoRI (R+M+) in minimal medium

(M9, 0.4% glucose) (Figure S1C). Earlier studies have shown

that induced chronic double-stranded DNA breaks occurring

once per replication cycle have only a small effect (0.6%) on

the proliferation rate of wild-type E. coli [13], and that the ca-

pacity to repair DNA damage is limited by resource availability

[14]. To test whether DNA damage occurs at elevated levels

in populations carrying EcoRI, we measured the population

doubling time of the recA knockout (DrecA) strain carrying

the RM plasmids. RecA is an essential component of DNA

repair and, unlike wild-type cells, recA mutants are sensitive

to self-restriction provoked by artificially induced imbalance

between R and M expression (Figure S2A). Deleting recA

increased the population doubling time of all strains by

approximately 6 min (15% of the wild-type doubling time) (Ta-

ble 1), reflecting the inability of DrecA cells to repair sponta-

neous DNA damage [15]. Presence of the plasmid expressing

EcoRI (R+M+) increased the doubling time of DrecA cells

significantly by an additional 3 min as compared to the EcoRI

(R�M+) control. In contrast, the EcoRV (R+M+) plasmid had

no statistically significant effect on growth of the DrecA strain.
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Table 1. Population Doubling Times of Strains Carrying Wild-

Type EcoRI and EcoRV RM Systems

Plasmid PDT (min)a SD (min)a p Valuea,b

Host: Wild-Type

Control (R�M�) 40.09 1.49 �
EcoRI (R+M+) 40.78 0.68 0.429

EcoRI (R�M+) 40.68 0.84 0.492

EcoRV (R+M+) 40.79 0.57 0.422

EcoRV (R�M+) 40.19 1.19 0.908

Host: DrecA

Control (R�M�) 46.06 0.59 �
EcoRI (R+M+) 48.98 0.75 0.003

EcoRI (R�M+) 46.20 0.99 0.854

EcoRV (R+M+) 46.84 1.14 0.327

EcoRV (R�M+) 45.67 1.08 0.626

PDT, population doubling time.
aCalculated from three independent experiments, eachwith six biological

replicates.
bThe p values were calculated by linear regression, with the population

doubling time as a continuous dependent variable and strain identity as

a categorical independent variable, comparing individual strains to the

control (R�M�).
The results suggested that EcoRI increased the amount of

DNA damage in the population and that RecA alleviated

most of the negative effect on growth. The mechanism of re-

striction alleviation, which prevents self-restriction by type I

RM systems, is unlikely to affect our estimates, because

both EcoRI and EcoRV are type II RM systems and therefore

are insensitive to restriction alleviation [16].

EcoRI, but Not EcoRV, Induces the SOS Response in a
Subpopulation of Host Bacteria
We next investigated whether the increased amount of DNA

damage due to EcoRI can be explained by higher frequency

of self-restriction as compared to EcoRV. We quantified the

fraction of cells suffering from DNA damage in populations

carrying the two RM systems using flow cytometry and a re-

porter strain with a fast-maturing yellow fluorescent protein

(YFP) [17] fused to the promoter of sulA (PsulA-yfp). SulA is

strongly upregulated as a part of the SOS response, a global

stress response to DNA damage in E. coli [18]. Similar PsulA-

based reporters have been previously used to quantify the

extent of DNA damage in bacteria [13, 15, 19]. Self-restriction

provoked by artificially induced imbalance between R and

M strongly increased fluorescence of individual cells as a

result of SOS response induction (Figure S2B). When EcoRI

(R+M+) was expressed from its native promoters, the popula-

tion contained more highly fluorescent cells as compared to

the controls (Figure 1A), showing that self-restriction occurred

in a subpopulation of cells and induced the SOS response in

this subpopulation. No such effect was observed for cells car-

rying EcoRV. We quantified the fraction of cells with induced

SOS response (SOS-ON) for each strain by first quantifying

the fraction of cells with fluorescence above a threshold. The

threshold was chosen based on the location at which the cu-
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mulative tail probability distribution of the wild-type population

changes slope, corresponding to the point at which SOS-OFF

and SOS-ON subpopulations begin to overlap (Figure 1B).

Because RecA is necessary for induction of the SOS response

[18], DrecA populations did not show such a change in slope.

The threshold value was consistent across all samples (Fig-

ure 1C). The wild-type and DrecA control (R�M�) populations

contained 0.92% and 0.35% cells with fluorescence above the

threshold, respectively (Figure 1D; Table S1). Subtracting the

background fraction of cells above the threshold in the DrecA

control from the fraction of cells above the threshold in the

wild-type gave an estimate of 0.57% cells being genuinely

SOS-ON as a result of spontaneous DNA damage. This is in

rough agreement with the previously estimated fraction of

0.9% cells being SOS-ON due to spontaneous DNA damage

under slightly different growth conditions [15]. Using the

same method and threshold value, the EcoRI (R+M+) popula-

tions contained 0.91% genuine SOS-ON cells, which corre-

sponds to a significant 1.6-fold increase as compared to the

EcoRI (R�M+) population (Figure 1D; Table S1). The effect

of the EcoRV (R+M+) plasmid on the number of SOS-ON cells

was not significant, which is consistent with our observation of

EcoRI, but not EcoRV, inducing DNA damage in host bacteria.

It is possible that the estimated fraction of cells suffering from

self-restriction by EcoRI is an underestimate, because EcoRI,

unlike EcoRV, generates cohesive ends that can be directly

ligated by DNA ligase before induction of the SOS response

takes place [20].

SOSResponse Is Stochastically andDynamically Turned
On and Off in Cells Suffering from Self-Restriction
To monitor the fate of cells undergoing self-restriction, we

observed single cells carrying EcoRI in real time using fluores-

cence long-term time-lapse microscopy. We measured the

levels of PsulA-yfp expression in single cells growing in steady

state inside a microfluidic device (Figure 2A; Movie S1).

Because RecA is necessary for SOS induction [18], we first

determined the threshold of fluorescence above which cells

are evaluated as SOS-ON using a DrecA control. Cellular fluo-

rescence ofDrecA cells fluctuated due to noise, but no sharp in-

crease was observed in contrast to wild-type cells (Figure S3A).

We set the threshold accordingly and calculated the frequency

at which fluorescence intensity of wild-type cells carrying

the EcoRI RM system crossed the threshold (Figure 2B;

Table S2). At the threshold value of 75 (a.u.), the wild-type re-

striction-deficient strains [control (R�M�) and EcoRI (R�M+)]

displayed nearly identical frequency of SOS induction:

(2.7 ± 0.4) 3 10�3 min�1 and (2.8 ± 0.4) 3 10�3 min�1, respec-

tively, as a result of spontaneous DNA damage. The EcoRI

(R+M+) strain induced SOS response at the rate of (4.7 ±

0.4) 3 10�3 min�1, which corresponds to a 1.7-fold increase

(Figure 2C). In total, we observed 0.53% and 0.94% cells being

SOS-ON in the control (R�M�) and EcoRI (R+M+) populations,

respectively (Table S2), which is in agreement with the flow-cy-

tometry experiments. Using a threshold value of 100 (a.u.)

did not affect the result qualitatively [1.4-fold increase in

SOS induction frequency of EcoRI (R+M+) cells]. Interestingly,

the SOS-ON cells in the EcoRI (R+M+) as well as EcoRI

(R�M+) and control (R�M�) populations returned rapidly to
4–409, February 8, 2016 ª2016 Elsevier Ltd All rights reserved 405
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Figure 1. EcoRI, but Not EcoRV, Induces the SOS Response in a Subpopulation of Cells Due to Self-Restriction

(A) Representative flow-cytometry histograms of cell fluorescence, corresponding to the YFP expressed from the PsulA promoter in the presence of EcoRI and

EcoRV RM systems expressed from their native promoters. EcoRI increases the number of highly fluorescent cells as a consequence of self-restriction. EcoRV

has no effect. The insets show the same data on a rescaled y axis to emphasize the tail behavior. 100,000 cells were measured in each sample. The x axes were

biexponentially transformed.

(B) The threshold value used to quantify the fractions of SOS-ON cells was picked based on the log-log plot of cumulative tail probability versus fluorescence.

100,000 cells were measured in each sample. Nine biological replicates from three independent experiments are shown as gray lines. Thick black lines represent

pooled data. The vertical gray dashed line represents the threshold value = 208 (a.u.).

(C) The threshold value = 208 (a.u.) (vertical gray dashed lines) was consistent for all strains. The data are plotted as in (B), with pale lines representing nine

biological replicates obtained in three independent experiments (100,000 cells measured in each sample). Thick colored lines represent pooled data. The thick

black lines represent pooled control (R�M�) populations.

(D) Fractions of cells with fluorescence above the threshold in populations carrying RM systems expressed from their native promoters. The error bars represent

the SD between three experimental averages (three biological replicates each). Asterisks indicate the level of significance. The p values were calculated by linear

regression, with the number of cells above the threshold as a continuous dependent variable and strain identity as a categorical independent variable, comparing

individual strains to the control (R�M�). The number of genuine SOS-ON cells can be obtained by subtracting the background fraction of cells above the

threshold in the DrecA control from the fraction of cells above the threshold in the wild-type.

See also Figure S2 and Table S1.
the SOS-OFF state and continued to grow and divide normally

(Figure 2A; Movie S1). PsulA-yfp induction was not associated

with filamentation or cell death, and the level of SOS response

induction did not correlate with the single-cell elongation rate

(Figure S3B) or generation time (Figure S3C). These results indi-

cated that under our experimental conditions, wild-type cells

growing in steady state repair the DNA damage caused by

both self-restriction and spontaneous DNA damage with high

efficiency and thus remain in the growing population. In our ex-

periments, self-restriction occurs during stable maintenance of

the RM system and induces the SOS response only transiently,

without affecting the viability of individual cells. This stands in

sharp contrast to the previously described process of postse-

gregational killing [21], which occurs when intracellular levels

of R and M are irreversibly disturbed by dilution following

gene loss [22] and ultimately leads to cell death [23].
406 Current Biology 26, 404–409, February 8, 2016 ª2016 Elsevier L
The Rate of Self-Restriction Is Higher for More Efficient
RM Systems and Can Be Increased by Stochastic
Imbalance between R and M
Our experiments show that the probability of self-restriction is

higher for EcoRI than EcoRV. Interestingly, this does not corre-

spond to the number of restriction sites that are potential targets

for self-restriction in the genome of E. coliMG1655 (599GAATTC

for EcoRI and 1,888GATATC for EcoRV) but agrees with the esti-

mated levels of restriction site avoidance (Figure S4A). The

EcoRI restriction site frequency is reduced by 50% from its ex-

pected value, whereas the EcoRV site is slightly enriched

compared to expectation. This difference in EcoRI and EcoRV

restriction site frequencies was previously noticed [5] although

not explained. We hypothesized that the difference in self-re-

striction rate between the two RM systems results from an

intrinsic difference in restriction efficiency per single restriction
td All rights reserved
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Figure 2. Real-Time Dynamics of Self-Restriction by EcoRI in Single

Cells

(A) Representative time-lapse images showing spontaneous temporary in-

duction of YFP expressed from the PsulA promoter in wild-type cells carrying

the EcoRI (R+M+) RM system. Cells growing inside a microfluidic device show

spontaneous induction of the SOS response, followed by dilution of YFP due to

cell division. Arrows point to the cell that underwent SOS induction and sub-

sequent cell division.

(B) Representative single-cell lineage showing dynamics of YFP expression

from the PsulA promoter of the EcoRI (R+M+) strain. The fluorescence intensity

at each time point is evaluated as the mean pixel brightness within a region

corresponding to a single cell subtracted by the background brightness. The

horizontal dashed lines indicate the threshold levels used to calculate SOS

induction frequencies.

(C) SOS induction frequencies calculated as the total counts of fluorescence

intensity crossing the respective threshold values divided by the total time

length of all the branches in the lineage trees, on which we found 463 control

(R�M�), 866 EcoRI (R+M+), and 465 EcoRI (R�M+) cells, including those

flown away from the growth channels before division. The error bars indicate

the binomial errors in calculating the induction frequency.

See also Figure S3, Table S2, and Movie S1.
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Figure 3. Identifying Determinants of Self-Restriction

(A) Efficiency of plating of l vir on the lawns of cells with respective RM sys-

tems, corresponding to the probability that the phage will not be restricted by

the RM system. l vir contains 5 EcoRI and 22 EcoRV restriction sites. The error

bars represent the SD calculated from four independent experiments. See also

Figure S4B.

(B) Efficiencies of restriction per restriction site. The values were calculated

from the data shown in (A). The error bars represent the SD calculated from

four independent experiments. The p value was calculated with the t test (t =

39.6 on 6 degrees of freedom, p < 10�4).

(C) For all predicted six-cutter RM systems in the stringent set, the distribution

of relative frequencies of putative restriction sites in the assigned host ge-

nomes is shown as white bars. Relative frequencies of 6-bp restriction sites of

type IIG (where R and M are fused into a single bifunctional unit) and the ca-

nonical type IIP (where R and M are structurally and functionally independent)

RM systems are shown as black and gray bars, respectively. The 29 remaining

RM systems are of type IIS, type IIF, or solitary endonucleases, and are not

shown as separate bars. See also Figure S4A and Data S1.
site (the probability that a restriction site is cleaved before

methylation). We tested this hypothesis by measuring the

efficiency of EcoRI and EcoRV in preventing infection by unme-

thylated bacteriophage l vir. The efficiency of plating (eop), re-

flecting the probability of l vir escaping restriction, was 1.6 3

10�5 and 2.7 3 10�8 for EcoRI and EcoRV, respectively (Fig-

ure 3A). Assuming that a phage with n restriction sites (5 for

EcoRI and 22 for EcoRV in l vir [24]) escapes restriction when

all its restriction sites are methylated before cleavage occurs

[25], the restriction efficiency per restriction site is given by
Current Biology 26, 40
1� ffiffiffiffiffiffiffiffiffi

eopn
p

. In agreement with our hypothesis, the restriction effi-

ciency is significantly higher for EcoRI than EcoRV (Figure 3B).

Neither EcoRI nor EcoRV restricted fully methylated l vir (Fig-

ure S4B), indicating that under our experimental conditions,

EcoRI and EcoRV do not cleave DNA at methylated or noncog-

nate restriction sites [26]. Their different restriction efficiencies

thus most likely reflect a difference in R and M gene expression

levels and enzymatic activities. These results suggest that RM

systems with higher per-site probability of cleavage are more

likely to cause self-restriction and lead to stronger restriction

site avoidance. Although a variety of gene regulatory mecha-

nisms are known to maintain well-balanced levels of R and M

expression [27–31], stochastic events occurring at the level of

the single cell, such as stochastic gene expression [32] or protein

partitioning at cell division [33], might occasionally disrupt this

balance and contribute to the overall rate of self-restriction. In

support of this hypothesis, we found that restriction sites of

type IIP RM systems, in which R andM are structurally and func-

tionally independent enzymes, were on average more avoided
4–409, February 8, 2016 ª2016 Elsevier Ltd All rights reserved 407



and exhibited a wider range of genomic frequencies than restric-

tion sites of type IIG RM systems, in which R andMare fused into

a single bifunctional polypeptide [34] (Figure 3B). The direct link-

age of R and M will minimize the probability of stochastic R and

M imbalance due to fluctuations of individual components,

which is expected to reduce self-restriction rates. In contrast,

self-restriction in type IIP systems (which include EcoRI and

EcoRV) can result from differences in expression levels and

enzymatic activities of R and M as well as stochastic imbalance

between their concentrations. This additional source of variance

in type IIP systems is consistent with the significantly wider range

of their restriction site frequencies and higher avoidance on

average.

Our finding that a more efficient RM system exhibits a higher

self-restriction rate is indicative of an evolutionary trade-off

between enhanced protection against exogenous DNA and

increased autoimmunity. Evolution of restriction site avoidance

in a genome mitigates the long-term cost of an RM system,

which was previously estimated for six-cutter enzymes to be

10�5 to 10�4 per generation at mutation-selection balance [8].

Althoughwe did not observe ameasurable fitness cost of self-re-

striction under standard conditions, we did observe a noticeable

fitness cost when resources were limited. The long-term cost of

RM systems in natural populations will thus depend both on mo-

lecular properties of individual RM systems and on environ-

mental determinants. These results are in accord with studies

showing that other phage resistance mechanisms such as clus-

tered regularly interspaced short palindromic repeats (CRISPR)

loci, coupled to CRISPR-associated genes (CRISPR-Cas) [35,

36], abortive infection [37, 38], or envelope resistance [39, 40]

come with a cost for the host cell, and that the cost of immunity

can be accentuated in environments with limited resource avail-

ability in bacteria [41], as well as in higher organisms [42].

The ability to discriminate self from non-self is a crucial

property of all immune systems [43], and failure to do so leads

to pathogen tolerance or autoimmunity [44]. In this work, we

show that similar to more complex immune systems, autoim-

munity due to RM systems affects a small number of individ-

uals in a population. RM systems are extremely abundant in

prokaryotes [1, 45], and most likely play an important role in

their ecology and evolution. Understanding the costs and ben-

efits associated with RM systems is crucial to fully evaluate

this role [46]. RM systems can protect their hosts from para-

sites [3] but also act parasitically [21]. Although they act as a

barrier to horizontal gene transfer [2, 47], they themselves

are often mobile [48] and can even promote DNA recombina-

tion [49]. Here we describe a new type of interaction between

RM systems and their hosts—a primitive form of bacterial

autoimmunity. As a downside of an immunity mechanism

based on a balance between individual components, bacterial

self-restriction exemplifies a link between stochastic events

occurring at the level of single individuals and the evolution

of bacterial genomes.
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