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Abstract
Persisters are transiently antibiotic-tolerant cells that complicate the treatment of bacterial infections. Both theory and
experiments have suggested that persisters facilitate genetic resistance by constituting an evolutionary reservoir of viable
cells. Here, we provide evidence for a strong positive correlation between persistence and the likelihood to become
genetically resistant in natural and lab strains of E. coli. This correlation can be partly attributed to the increased availability
of viable cells associated with persistence. However, our data additionally show that persistence is pleiotropically linked
with mutation rates. Our theoretical model further demonstrates that increased survival and mutation rates jointly affect the
likelihood of evolving clinical resistance. Overall, these results suggest that the battle against antibiotic resistance will benefit
from incorporating anti-persister therapies.

Introduction

Ever since the introduction of antibiotics in clinical practice,
clinicians have been faced with the emergence and spread
of genetic mutants resistant to the drugs’ therapeutic effects
[1]. Resistance mechanisms allow bacteria to grow in ele-
vated drug concentrations and are the main culprit for
antibiotic treatment failure [2]. However, the awareness

grows that other mechanisms besides genetic resistance can
enable bacteria to survive in the presence of antibiotics. In
addition to population-wide tolerance mechanisms [3] and
shielding effects of in vivo physical niches [4], the forma-
tion of a small number of drug-tolerant cells or “persisters”
in antibiotic-sensitive populations is being recognized as a
frequent cause of treatment failure [5–10]. Theory and
experiments have shown that depending on the treatment
schedule, either resistance or tolerance/persistence can be
the optimal bacterial strategy to cope with antibiotic stress.
Resistance is likely to evolve when antibiotics are applied
continuously and/or at low doses, while intermittent treat-
ment with high drug concentrations tends to select for
increased tolerance and persistence [11–15].

Importantly, tolerance and persistence have also been
suggested to have the potential to act as a stepping stone
towards the evolution of genetic resistance, as persisters
provide a viable cell reservoir from which resistant mutants
can emerge by horizontal gene transfer or de novo chro-
mosomal mutations [16, 17]. This idea was first put forward
more than 30 years ago, based on the frequent co-
occurrence of penicillin tolerance and multiple drug resis-
tance in clinical isolates [15, 18]. Later, antibiotic tolerance
was indeed shown to be advantageous for the acquisition of
resistance genes by transformation in Streptococcus pneu-
moniae [19]. Recent experiments have lent support to these
early findings. Sebastian et al. showed that de novo resistant
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mutants arise with high frequency from the persister
population in Mycobacterium tuberculosis [20], and the
Balaban lab reported that tolerance, provoked by an
extended lag time, increases the opportunity for resistance-
conferring mutations to occur and spread in Escherichia coli
populations under intermittent ampicillin exposure [21].
Furthermore, levels of persistence and resistance were
shown to positively correlate across Pseudomonas strains
[22].

However, the following two lines of reasoning suggest
that the link between persistence and resistance is not
merely based on the increased number of cells available for
mutation, but that persistence could also be directly linked
with altered mutation rates and increased probabilities of
mutating into an antibiotic-resistant genotype. First, both
mutation and persistence have been suggested to be induced
by the activity of different stress responses [23–25]. Hence,
high persister fractions and high mutation rates could
coincide in stressful environments due to a partial overlap in
underlying mechanisms [17]. Second, both high-persistence
and mutator phenotypes are known to thrive in fluctuating
environments and upon sudden environmental changes [11,
26–32], pointing to a possible evolutionary link between
both traits. As yet, however, it is unknown whether per-
sistence is associated with increased mutation rates and how
this could affect the likelihood for genetic resistance to
evolve.

Our aim was to investigate this outstanding issue.
Therefore, we tested if persister fractions are correlated with
the likelihood to form resistant colonies and if the emer-
gence of resistant mutants from growing and non-growing
populations is pleiotropically linked with persistence. We
found that persistence is strongly linked with resistance
development, even when the number of surviving cells is
taken into account, revealing a pleiotropic link of persis-
tence with the probability to acquire resistance-conferring
mutations. Finally, we also developed a mathematical
model to investigate how persistence and altered mutation
rates would affect the emergence of antibiotic resistance in
the setting of a typical clinical infection, where the immune
system is also involved.

Materials and methods

Strains, culture conditions, and antibiotics

E. coli SX43, a derivative of BW25993, is the ancestor of
oppB*, a high-persistence mutant resulting from a recent
evolution experiment [11]. The de-evolved oppB* strain
results from experimental evolution of the oppB* mutant in
antibiotic-free conditions [11]. This strain has five addi-
tional mutations, causing decreased persister fractions as

compared to the wild type strain. The hipA7 strain and its
isogenic wild type used in this work were constructed by
Pearl et al. [33] Strains were grown in Mueller-Hinton broth
(shaking, 200 rpm) and on Mueller-Hinton or Luria-Bertani
(LB) agar at 37 °C. For time-kill curves and persistence
assays, final concentrations of 5 μg/ml ciprofloxacin, 5 μg/
ml norfloxacin, and 400 μg/ml kanamycin were applied.
Mannitol was used at a final concentration of 10 mM.

Minimum inhibitory concentrations (MICs), time-kill
curves, and persistence assays

MICs were determined using the microdilution method. For
time-kill curves of stationary phase populations, an over-
night culture was diluted 1:100 in 100 ml fresh medium.
After 16 h, the initial cell number was determined by plat-
ing. 1 ml aliquots were incubated with 5 μg/ml ciprofloxacin
and the number of surviving cells was determined by plat-
ing at specified time points. Persistence assays were per-
formed by determining survival after 5 h of antibiotic
exposure. Mannitol was added 1 h before initiating anti-
biotic treatment.

Resistance evolution on agar plates

Overnight cultures were resuspended in 10 mM MgSO4 and
100 μl was plated on Mueller-Hinton agar containing anti-
biotics corresponding to 2x MIC (ciprofloxacin, nor-
floxacin, spectinomycin), 3x MIC (chloramphenicol), or 4x
MIC (kanamycin). The number of initially plated cells was
determined by plating on non-selective LB agar. Stable
genetic resistance of the colonies was verified by streaking
on fresh antibiotic-containing plates and MIC-testing (3–5
colonies per strain). All colonies grew after transfer and had
increased MIC values, ranging from 2x to >64x the original
MIC. Stability of ciprofloxacin in agar plates was tracked
daily during long-term 37 °C incubation by streaking
resistant (E. aerogenes ATCC 13048; MIC= 0.064 μg/ml)
and non-resistant strains (SX43 and MG21) on incubated
plates containing an initial concentration of 2x MIC. Even
after 20 days of incubation, non-resistant strains were not
able to grow on the plates, indicating that the effective
concentration remained above the MIC. Time-kill kinetics
of the plated population were determined by excising pieces
of agar without resistant colonies, vigorously vortexing in
10 mM MgSO4, and plating on LB agar.

Resistance evolution in liquid medium

An overnight culture was diluted in fresh medium containing
ciprofloxacin (2x MIC) to an inoculum size of 106 bacteria
and incubated (37 °C, linear shaking) in an automated plate
reader. Optical density (OD600) was measured every 15min
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for 8 days. When a cell acquired a resistance-conferring
mutation, its outgrowth could be monitored and the time until
the mutational event was estimated from the resulting growth
curve. MICs of colonies isolated from growth-positive
populations at the end of the experiment were 2 to 16-fold
increased, confirming genetic resistance. For each out of two
independent experiments, 16 or 32 parallel populations were
started from an overnight culture in individual wells, totaling
32 or 64 replicates for each strain.

Sequencing

Resistance-conferring mutations in gyrA were identified by
PCR amplification and Sanger sequencing of the gyrA
QRDR using primers described elsewhere [34].

Rifampicin-based fluctuation assays

From an overnight culture in Mueller-Hinton broth, 10 or
20 parallel cultures were grown from a small inoculum
(5000 CFU/ml) in 96-well plates. After 24 h, the whole
population was plated on LB agar supplemented with
rifampicin (100 μg/ml). Additionally, 4 or 8 cultures per
experiment were grown under the same conditions and used
to estimate the final total cell number by plating on non-
selective LB agar. Colonies on non-selective plates and
rifampicin plates were scored after 24 and 48 hours of
incubation, respectively. Experiments were repeated 2–4
times, yielding 30 or 40 replicate populations per strain per
condition (SX43, n= 30; oppB*, n= 40; de-evolved
oppB*, n= 30; MG21, n= 30; hipA7, n= 30).

Experiments with ECOR strains

20 ECOR strains were randomly selected from the total
collection comprising 72 strains. For time-kill curves, strains
were inoculated in 150 μl Mueller-Hinton broth in a 96-well
plate and grown for 24 h. This culture was diluted 1:100 in
1.5 ml fresh medium in a 24-well plate and grown for 16 h.
Cultures were subsequently diluted 1:100 in 1 ml fresh
medium in 24-well plates and incubated for 2.5 h to obtain
exponential growth. An aliquot was plated to determine the
initial cell number, antibiotics were added, and the surviving
cell number was determined at specified time points by spot
plating. Exponential cultures were used because stationary
phase killing was very limited and showed little variation
between strains. Resistance evolution of ECOR isolates on
ciprofloxacin agar was performed as stated above, except
that 4x MIC instead of 2x MIC was used.

Mathematical model

To simulate bacterial population dynamics during antibiotic
treatment of an infection, we constructed a mathematical
model formulated as a system of differential equations
containing the bacterial subpopulations depicted in Fig. 4a
as well as a population of innate immune effector cells. This
system was solved numerically in Wolfram Mathematica
10.0 using NDSolve[]. For different combinations of the
switching rate and the mutation rate, the time until resistant
cells take over the population (>108 cells) was calculated
using NMinimize[] (default line search method). We chose
realistic parameter values within the range reported for
E. coli [11, 35] and in accordance with our own observa-
tions, rather than specific values for any antibiotic-strain
combination. We verified that qualitatively, the model
predictions did not change when parameter values were
varied within a reasonable range (Fig. S12). A full
description of the model and justification of the chosen
parameter values is given in Supplementary Methods.

Data analysis and statistics

Time-kill curves

Biphasic killing parameters were determined by fitting a
non-linear mixed model to the Log10-transformed, normally
distributed number of surviving cells per milliliter (CFU/ml)
using the R package nlme (https://cran.r-project.org/web/pa
ckages/nlme/index.html). The model was based on the
equation Log10(CFU/ml)= Log10((N0−P0).e

−kn.τ+ P0.e
−kp.τ),

with τ the treatment time (in hours), N0 and P0 the number
of normal and persister cells per ml at τ= 0, and kn and kp
the rate at which normal and persister cells are killed (per
hour) [36]. Strain was coded as a fixed factor and replicate
was coded as a random factor. Best-fit parameters were
compared statistically with Wald F-tests. For all time-kill
curves, biphasic fits were superior over monophasic fits
(Akaike Information Criterion).

Phylogeny of ECOR strains

A maximum likelihood phylogenetic tree of the 20 ECOR
strains was inferred from three concatenated MLST markers
(tonB, dinG, and DPP) identified with Phylomark [37] and
aligned with ClustalW in Bio-Edit [38]. The tree was con-
structed using MEGA version 4 [39] and was based on the
Kimura two-parameter model, using complete deletion of
sites with gaps. Escherichia fergusonii was used as an
outgroup to root the resulting tree.
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Persistence and resistance in ECOR strains

Estimated persister fractions from biphasic fittings were
used as a quantitative parameter for persistence. The aver-
age number of ciprofloxacin-resistant mutants per plated
cell per day, from day 3 onwards, was used as a parameter
reflecting resistance evolution. Both parameters were Log10-
transformed in order to obtain normally distributed data.
Based on the obtained phylogenetic tree, a phylogenetic
generalized least squares (PGLS) regression assuming a
Brownian evolution model was performed using the R
packages ape (https://cran.r-project.org/web/packages/ape/
index.html) and nlme (https://cran.r-project.org/web/packa
ges/nlme/index.html). Outliers with a Cook’s distance
greater than 1 were omitted from the analysis.

Resistance evolution on agar plates

A linear model was fitted to the number of new antibiotic-
resistant colonies per plated cell (Log10-transformed to
obtain normally distributed data) as a function of time.
Significant differences between the model parameters were
assessed with unpaired, two-sided t-tests. S.e.m.’s were
calculated on the Log10-transformed data and transformed
back to the original scale for representation in Fig. 2b and
Fig. S4.

Resistance evolution in liquid medium

A cubic smoothing spline function was fitted to the OD600-
values. The smoothing parameter was chosen by cross-
validation. The time needed for a resistant mutant to emerge
was estimated empirically as the time at which the first
derivative of the fitted growth curve exceeded 0.1. A non-
parametric Cox proportional hazards model was fitted to the
right-censored distribution of lag times for each strain (n=
64 for SX43, oppB*, and de-evolved oppB*; n= 32 for
MG21 and hipA7). Mutant and wild type lag times were
compared by Wald tests on coefficients of the fitted model.

Determination of mutation rates

Data from rifampicin-based fluctuation assays and day 2
counts of ciprofloxacin plate assays were analyzed by
fluctuation analysis with the R package ‘flan’ version 0.4,
using a maximum likelihood function that takes into
account final cell counts [40–42]. For experiments with
ciprofloxacin, only 100 μl of a 5 ml culture was plated. To
avoid underestimating the number of mutations in the total
population, we used the correction factor proposed by
Stewart [43]. Mutations in persister cells surviving exposure
to lethal antibiotic stress were calculated as the number of
resistant colonies divided by the viable cell count two days

prior (mutations per cell per day), and the mutation rate was
averaged over day 3-10. Viable cell counts were estimated
from the fitted time-kill curves (Fig. S8). Statistical com-
parison was done with unpaired, one-sided t-tests with
Welch’s correction in the case of unequal variances (F-test).
Confidence intervals for relative differences between
mutants and wild type were determined according to Fiel-
ler’s theorem.

Results

Persistence and the evolution of resistance are
positively correlated in natural isolates and lab
strains of E. coli

As a first probe for the link between persistence and the
likelihood to evolve genetic resistance, we focused on a set of
20 natural isolates randomly picked from the ECOR collec-
tion, the standard panel of environmental diversity in E. coli
[44]. The ECOR collection is ideal for this, as it displays
substantial differences in persister fractions, whereas MIC
variation is limited [45]. First, MICs were measured to con-
firm that all isolates are sensitive towards ciprofloxacin (all
MICs ≤ 0.016 μg/ml, Table S1). Next, we determined two
quantitative parameters: one reflecting persistence and one
reflecting the likelihood for resistance to evolve. Persister
fractions were derived from a biphasic exponential fit to time-
kill data of cultures challenged with a high dose of cipro-
floxacin (Fig. S1a, Table S2). Persistence is highly variable
among strains (p < 0.0001, likelihood ratio test) and shows no
correlation with MICs (Pearson’s r= 0.148, p= 0.535), cor-
roborating previous findings [45]. To determine the rate of
resistance evolution, we monitored the emergence of resistant
colonies on ciprofloxacin-supplemented Mueller-Hinton agar
(4x MIC) over a course of 20 days (Fig. S1b). Resistant
mutants that were formed in the preculture (pre-exposure)
were excluded by ignoring colonies that appeared during the
first two days of incubation, as described previously [46–48].
That way, we focused only on mutants that arose de novo
after antibiotic exposure, and excluded variation caused by the
presence of mutants that originated during growth in the
preculture. The average number of mutants per plated cell
per day was subsequently used as a quantitative parameter for
the evolution of resistance. In order to investigate the rela-
tionship between persistence and resistance evolution while
accounting for phylogenetic non-independence among strains,
we performed a phylogenetic generalized least squares
(PGLS) regression (Fig. 1). Calculation of Cook’s distances
indicated that four observations deviate strongly from the
other data and severely influence the regression analysis
(Fig. S2). The coefficient of determination (R²) for the 16
remaining isolates is 0.498, meaning that the variation in
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persister fractions explains 49.8 % of the variation in resis-
tance evolution (p= 0.002). This result indicates that the
persister fraction of a strain is a factor that strongly determines
its tendency to evolve resistance.

Next, we investigated if the same trend could be
observed in well-characterized persistence mutants in E.
coli lab strains. We selected three previously characterized
persistence mutants: the hipA7 and oppB* high-persistence
mutants, and the de-evolved oppB* mutant which shows a
decreased persister fraction due to evolution in prolonged
drug-free conditions. oppB* carries a single amino acid
substitution in OppB, one of five subunits of the Opp oli-
gopeptide permease system, which confers high persistence
through a currently unknown mechanism [11]. In addition
to the mutation in OppB, the de-evolved oppB* strain has
five mutations, but it is currently unknown how these are
responsible for the decreased persister fraction. hipA7 was
the first recognized high-persistence allele and encodes the
HipA toxin harboring two amino acid substitutions, causing
persistence by inactivation of glutamyl-tRNA synthetase
and subsequent induction of the stringent response [49, 50].
All strains are equally sensitive towards ciprofloxacin (MIC
= 0.008 μg/ml, Table S4) and stationary phase time-kill
curves of these mutants and their isogenic wild types show
the expected persistence phenotypes (Fig. 2a, Table S3). As
a first step, we wanted to thoroughly characterize resistance
evolution in these strains.

As for the natural E. coli isolates, we quantified resis-
tance evolution by following the emergence of resistant

colonies on ciprofloxacin-containing Mueller-Hinton agar
(2x MIC) over time. In agreement with our hypothesis, we
found that the number of resistant colonies per plated cell is
increased in hipA7 and oppB*, while it is decreased in de-
evolved oppB* (Fig. 2b). We then investigated whether
resistance evolution in high-persistence mutants is still
increased when the number of persisters is decreased
through the addition of mannitol, which is known to sen-
sitize persisters to antibiotics [51]. Mannitol indeed sup-
presses the high-persistence phenotype of oppB*, while
hipA7 still forms more persisters than its wild type under
this condition (Fig. S3). Correspondingly, resistance evo-
lution on mannitol-supplemented agar reverts to wild type
levels in the case of oppB* but not hipA7 (Fig. S4).

In Gram-negative bacteria, the DNA gyrase subunit GyrA
constitutes the main target for ciprofloxacin and other qui-
nolones [52]. Mutations in a particular N-terminal region, the
“quinolone resistance-determining region” (QRDR), are the
most common mechanism of resistance, both in clinical iso-
lates and in vitro evolution experiments [52–54]. To deter-
mine if mutations in GyrA are also involved in the evolution
of antibiotic resistance in our experiments, we sequenced the
gyrA QRDR in 10–11 ciprofloxacin-resistant colonies per
strain and identified mutations causing amino acid changes at
residues 81, 82, 83, and 87 in 35 out of 64 colonies (Fig. 2d).
The remaining colonies bear no mutations in the gyrA QRDR,
but presumably have mutations in another gyrA region or in
parC, encoding the topoisomerase IV subunit A [52]. The
amino acid substitutions that we found are commonly
observed in clinical isolates of quinolone-resistant E. coli as
well as other Enterobacteriaceae and Gram-positive organ-
isms [52, 55, 56].

To further confirm our finding of persistence being
strongly linked to the likelihood of evolving antibiotic
resistance, we also quantified antibiotic resistance devel-
opment using an independent approach. We inoculated a
population of 106 bacteria in ciprofloxacin-containing
Mueller-Hinton broth (2x MIC) and measured the time
until the emergence of resistance by tracking growth. As
expected, the number of populations that had evolved
resistance after eight days was strongly linked with the
persistence phenotypes: 29/32 for hipA7 (14/32 for the wild
type), 48/64 for oppB* and 15/64 for de-evolved oppB*
(37/64 for the wild type) (Fig. 2c). Hence, the rate of
resistance evolution is increased in hipA7 and oppB*, and
decreased in de-evolved oppB*.

To assess the generality of our observations, we further
tracked the emergence of resistant colonies on Mueller-
Hinton agar supplemented with other antibiotics: nor-
floxacin, kanamycin, chloramphenicol, and spectinomycin.
MICs of these antibiotics are given in Table S4. Norfloxacin
and kanamycin are bactericidal drugs, and we confirmed the
high-persistence phenotypes of hipA7 and oppB* upon

Fig. 1 Across natural E. coli isolates, persister fractions are strongly
predictive of the likelihood to evolve genetic antibiotic resistance.
Persister fractions (n= 3 per strain) and the average number of
resistant mutants per plated cell per day (n= 5 per strain) on
ciprofloxacin-containing Mueller-Hinton agar (4x MIC) are plotted for
16 ECOR isolates on a log-log scale. To account for the phylogenetic
non-independence among strains, PGLS regression was used to fit a
linear model onto the log-log transformed data (R²= 0.498, p= 0.002)

Bacterial persistence promotes the evolution of antibiotic resistance by increasing survival and. . . 1243



treatment with these antibiotics (Fig. S5). The persister
fraction of de-evolved oppB* is only very slightly decreased
as compared to the wild type. Chloramphenicol and spec-
tinomycin are bacteriostatic antibiotics, which inhibit E. coli
growth but do not induce killing. The positive correlation
between persister fractions and resistance development
holds true for each antibiotic, except for spectinomycin.
Only very few resistant colonies appeared on
spectinomycin-supplemented plates, resulting in large

variations and no significant differences for oppB* and de-
evolved oppB* as compared to their wild type (Fig. S6).

A link between persistence and mutation rates

The observed correlation between persistence and resistance
development could be due to an increased viable cell
reservoir, a pleiotropic effect of persistence on mutation
rates, or a combination of both. To investigate the

Fig. 2 Ciprofloxacin resistance development is increased in high-
persistence mutants and decreased in a low-persistence mutant. a
Ciprofloxacin time-kill curves of stationary phase cultures show
increased persister fractions in hipA7 and oppB*, and decreased per-
sistence in de-evolved oppB*. Individual data points from three
independent replicates are shown. Lines represent a biphasic expo-
nential fit to the data. Parameter estimates for persister fractions were
compared with Wald F-tests. b Cumulative number of resistant
mutants per plated cell on Mueller-Hinton agar supplemented with

ciprofloxacin (2x MIC). Data points represent averages ± s.e.m. (n=
10). Statistical comparison was done by two-sided t-tests on coeffi-
cients of a log-linear model. c Cumulative proportion of wells with
ciprofloxacin-containing Mueller-Hinton broth (2x MIC) in which
resistant mutants emerged (n= 32-64). Statistical comparison was
done by Wald tests on coefficients of a Cox proportional hazards
model, to take into account censoring. d Amino acid changes caused
by gyrA mutations detected in ciprofloxacin-resistant colonies. *p ≤
0.05; **p ≤ 0.01; ***p ≤ 0.001, and ns non-significant
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contribution of mutagenesis, we compared mutation rates in
the well-defined high and low-persistence mutants. Resis-
tant mutants can be generated from growing bacteria as well
as from non-growing but surviving bacteria exposed to
growth-restricted conditions [47]. Based on earlier studies,
resistant colonies that emerge on antibiotic-containing agar
during the first two days of incubation can be traced back to
resistant mutants that emerged during growth in the pre-
culture [46, 47]. Thus, from the number of colonies on day
2, the mutation rate during growth (mutations per cell per
division) was estimated by fluctuation analysis. The results
from these experiments demonstrate that the mutation rate is
increased in hipA7 (2.8-fold) and oppB* (5.0-fold), while it
is decreased in de-evolved oppB* (2.0-fold) (Fig. 3a,
Table S5). We further confirmed these results using a
rifampicin-based fluctuation assay to determine the muta-
tion rate at another, independent genomic locus (Fig. S7,
Table S5).

Apart from the resistant colonies that appear within two
days of incubation and acquired a mutation during growth
in the preculture, mutants are also formed de novo from the
surviving subpopulation on the ciprofloxacin-containing
agar plate. To quantify the mutation rate of cells from the
surviving reservoir of non-growing persisters, the number
of resistant colonies has to be normalized for the remaining
number of viable cells on the plate. To estimate the size of
the viable cell reservoir, we measured time-kill kinetics of
the plated populations by determining the number of sur-
viving cells at different time points after plating (Fig. S8). In
agreement with earlier reports [46–48], a biphasic killing
pattern was observed for all strains except hipA7. The bulk
of the population (>99.9%) is killed within the first day after
plating, while a small subpopulation of cells is killed at a
much slower rate. When we correct the number of resistant
colonies for the number of surviving cells in the persister
reservoir, we still observe a correlation between persistence
and resistance. The average mutation rate per viable cell
per day is significantly increased in hipA7 and oppB*, and
significantly lower in de-evolved oppB*, compared to their
respective wild types (Fig. 3b). Together, these experiments
reveal that persistence correlates with mutation rates under
various growth conditions and in this way has a strong
effect on the likelihood to evolve genetic resistance.

Increased survival and mutation rates jointly drive
evolution of clinical resistance

To assess the implications of our findings under clinical
conditions, we developed a mathematical model to simulate
antibiotic treatment of an in vivo bacterial infection. In this
model, bacteria continuously switch between the normal
and persister states following switching rates a and b.
Growth and killing of non-persisters is related to the

antibiotic concentration according to a pharmacodynamic
Hill function [35]. Persisters are assumed to be non-dividing
and recalcitrant to killing by antibiotics. Both normal and
persister cells can be killed by the action of an innate
immune response, although the killing rate is taken to be
lower for persister cells [57, 58]. As the immune system
alone is not sufficient to control this infection within a
reasonable amount of time, bacterial clearance is highly
dependent on the action of the antibiotic [59]. The antibiotic
is added every 12 h at a peak concentration of 25x MIC
(Amax) and the effective concentration declines exponen-
tially with a half-life of 2.5 h (Fig. S9). As such, the model
incorporates realistic clinical pharmacokinetics and phar-
macodynamics for a broad range of antibiotics (see Sup-
plementary Methods and Table S6 for details).

Our model focuses on resistance evolution via chromo-
somal mutations. In this case, clinical resistance is mostly
achieved by multiple mutations accumulated in a stepwise
fashion [60]. Therefore, we implemented resistance evolu-
tion as a gradual process, where subsequent mutations
generate mutants showing 4, 20, and 50-fold increased MIC
values. Replicating cells develop resistance according to the
mutation rate µgrowing, which can be increased up to twofold
by the presence of sublethal concentrations of antibiotics.
Non-dividing persisters acquire resistance-conferring
mutations at a constant rate µpersisters. A schematic diagram
showing the possible interconversions between all different
phenotypes and genotypes is shown in Fig. 4a.

Fig. 4b depicts bacterial population dynamics for
pathogens exhibiting different persister fractions, with and
without an associated increase in mutation rates (for sepa-
rate dynamics of all different subpopulations, see Fig. S10).
In the baseline situation, the infection is cleared within
5 days of antibiotic treatment. A small subpopulation of
resistant cells emerges, but it cannot acquire the multiple
subsequent mutations necessary to obtain high-level resis-
tance, and therefore it does not impair treatment success.
When we increase switching to the persister state 10-fold,
the infection is still cured, although bacterial clearance is
delayed. Similarly, increasing the mutation rates by a factor
in line with our experimental findings, i.e., twofold for
µgrowing and fourfold for µpersisters, has no effect on the
infection dynamics. However, when we concomitantly
increase persistence and mutation rates, antibiotic therapy
fails as highly resistant mutants can now take over the
population. Only upon a higher, 50-fold increase in persister
switching, high-level resistance can already emerge with
baseline mutation rates, and even then, an associated
increase in mutation rate causes high-level resistant mutants
to take over the population sooner. These examples clearly
illustrate that increased persister fractions and mutation
rates jointly drive the evolution of genetic antibiotic resis-
tance. To investigate this effect over a larger range of
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parameter values, we calculated the time it takes for
the resistant population to reach a density of 108 cells,
given different combinations of persister fractions and
mutation rates. The resulting heat map confirms that both

parameters simultaneously drive the evolution of resistance
(Fig. 4c).

To verify that a mutant with a pleiotropically linked
persister fraction and mutation rate is actually favored over

Fig. 4 A mathematical simulation model shows that increased per-
sistence and mutation rates jointly drive the evolution of resistance
under clinical conditions. a Schematic diagram of the mathematical
model showing all possible transitions between the different genotypes
and phenotypic states. b Population dynamics for wild type and
resistant cells during antibiotic treatment for increasing persister
fractions with or without associated increased mutation rates. The

separate dynamics of all different subpopulations under the same sets
of parameters are given in Fig. S10. c Heat map of the time at which
the resistant cells take over the population (>108 resistant cells), as a
function of the mutation rate and the persister fraction (switching rate).
The mutation rate is shown for normal cells, the mutation rate for
persisters is 104-fold higher. See text and Supplementary Methods for
details on the mathematical model

Fig. 3 Persistence is correlated
with elevated mutation rates. a
Mutation rate (mutations per cell
per division) of growing cells
determined from the number of
ciprofloxacin-resistant mutants
after two days using fluctuation
analysis, relative to the wild
type. Error bars show 95% c.i.
(n= 10), p-values are from one-
sided t-tests. bMutations in non-
growing cells surviving lethal
antibiotic exposure (mutations
per cell per day), relative to the
wild type. Error bars show 95%
c.i.’s (n= 10), p-values are from
one-sided t-tests. *p ≤ 0.1; **p ≤
0.05; ***p ≤ 0.01
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the wild type, we calculated the invasion potential of rare
mutants with different combinations of switching rates and
mutation rates in a wild type population. The results of this
simulation suggest that the selective advantage of a mutant
is proportional to its persister fraction as well as its mutation
rate. Moreover, mutants with high values for both para-
meters exhibit the strongest invasion potential, pointing
towards a possible evolutionary link between persistence
and mutation rates (Fig. S11).

Discussion

To date, many lines of evidence strongly suggest that
persisters contribute to treatment failure of bacterial infec-
tions [6]. In this paper, we show that the clinical burden of
persisters probably extends beyond their direct role in
chronic and recurrent infections because they strongly
contribute to the evolution of genetic resistance. By tracking
the appearance of resistant colonies on ciprofloxacin-
containing agar, we found that persistence is a crucial fac-
tor driving the acquisition of genetic resistance by chro-
mosomal mutations. Targeted sequencing revealed that the
responsible mutations are similar to those encountered in
fluoroquinolone-resistant clinical isolates in a number of
bacterial species [52, 55, 56]. The effect of persistence was
also not only observed with ciprofloxacin, but is valid for
various antibiotics with different modes of action. More-
over, the quantitative relationship between persister frac-
tions and ciprofloxacin resistance evolution in 80% of the
tested natural isolates of E. coli suggests that the link is
intrinsic and widespread.

The obvious mechanism by which persistence can
facilitate resistance development is by providing more
viable cells eligible for mutation. The number of surviving
cells will then influence the likelihood that resistance
emerges. Indeed, Levin and Rozen illustrated mathemati-
cally that increasing the number of persisters augments the
likelihood of evolving resistance [16]. Recent experimental
work has confirmed that resistant mutants can be generated
de novo from the persister population during antibiotic
treatment of M. tuberculosis [20]. Levin-Reisman et al.
showed that mutants exhibiting increased levels of ampi-
cillin tolerance or persistence evolved resistance earlier than
the wild type [21].

In addition to this straightforward mechanism, we
hypothesized that persistence and resistance could also be
linked in a less obvious way. Indeed, two different lines of
reasoning suggest that persistence correlates with mutation
rates. First, the involvement of stress responses in persis-
tence points to a link with mutation rates of cells growing in
stressful environments [17]. According to a recent study,
this effect could be especially important when the stress

response is activated by DNA damage, because erroneous
repair of DNA damage is a major source of mutations [61].
A second argument stems from evolutionary theory.
Mathematical models indicate that persistence may have
evolved as a bet-hedging strategy in environments char-
acterized by fluctuating episodes of stress [26, 62–64].
Recent experimental evidence lends strong support to these
theoretic considerations, showing that persistence is dis-
advantageous in constant environments but favored during
periodic stress [11, 13, 14]. Mathematical models have also
been used to show that high mutation rates are favored
when the environment shows periodic changes [27, 28].
However, models describing mutagenesis are mathemati-
cally equivalent to models of phenotypic switching, as they
consider a single fitness-determining selective locus with
only two possible allelic states that can mutate back and
forth. Nevertheless, both theory and experiments have
shown the adaptive benefit of increased mutation rates to
cope with stress or a sudden environmental change. Mala-
dapted genotypes are predicted to experience selection for
increased mutation rates in both constant and fluctuating
environments [32]. Evolution experiments within laboratory
[29] or host environments [31] confirmed these theoretical
predictions by showing selection for increased mutation
rates in conditions of near-lethal stress and colonization of a
new host. Moreover, it was shown that antibiotic treatment
can select mutator alleles, especially during chronic infec-
tions that are repeatedly challenged with antibiotics [30].

We tested this putative association between persistence
and mutation by directly measuring mutation rates in high-
and low-persistence mutants. Using fluctuation assays with
ciprofloxacin and rifampicin selection, we found that per-
sistence is pleiotropically linked with mutation rates in
growing cells. Moreover, the number of resistant colonies
emerging from the viable cell reservoir shows the same
correlation, even when a correction for the number of sur-
viving cells is applied. Thus, persister cells formed by high-
persistence strains have an increased likelihood to acquire
resistance-conferring mutations, while persisters from low-
persistence strains are less likely to mutate and hence to
acquire resistance. The positive association between per-
sistence and mutation rates is important, since even modest
increases in the mutational supply can dramatically improve
evolvability [65–67]. Interestingly, these findings also
imply that the clinical relevance of persistence is not limited
to infections treated with bactericidal antibiotics. High-
persistence strains, which have repeatedly been identified in
chronic infections [68, 69], can even complicate treatment
in the absence of bactericidal drugs because they are more
likely to evolve resistance due to their increased mutation
rates.

The continuous emergence of resistant colonies on
antibiotic-containing agar plates over the course of several
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days or weeks is usually explained by de novo mutation in
non-growing, surviving cells [46–48]. Indeed, spontaneous
or antibiotic-induced DNA damage in non-growing cells
may lead to mutations because, even in the absence of
chromosomal replication, these cells still display DNA
turnover [70, 71]. On the other hand, others have proposed
that these and similar observations do not involve mutations
in the absence of growth, but can instead be explained by
pre-existing small-effect mutants that grow slowly and give
rise to faster-growing mutants that subsequently form
colonies [72]. These two contrasting views are subject of
considerable debate [71–73]. Cirz et al. have shown that
deletion or mutation of several genes can dramatically
decrease late colony formation on ciprofloxacin-containing
agar plates, without affecting the number of early colonies,
fitness under normal or growth-restricted conditions, or the
selective advantage of resistance-conferring mutations [46].
These results indicate that de novo mutation in non-growing
cells is the most likely explanation for the gradual accu-
mulation of colonies on ciprofloxacin plates.

Taken together, our results lead us to propose a model in
which two factors constitute the link between persistence
and resistance. When a population is treated with bacter-
icidal antibiotics (Fig. 5, red frame, non-growing condi-
tions), only persisters will survive. Increased persistence
leads to more cells in the viable cell reservoir and an
increased likelihood for the occurrence of resistance-
conferring mutations. Moreover, the mutation rate of pers-
isters is increased in high-persistence strains. When anti-
biotics are absent or present at low concentrations (Fig. 5,
green frame, growing conditions), the mutation rate of
growing cells is correlated with persistence. Elevated

mutation rates in turn increase the likelihood for the emer-
gence of resistance.

To explore the implications of our findings in a clinical
context, we developed a mathematical model simulating
bacterial infection dynamics during antibiotic treatment.
Our model significantly extends on previous modeling
efforts by incorporating step-wise resistance evolution and a
flexible mutation rate under antibiotic stress, leading to a
model that is closer to a realistic clinical situation. Under
conditions that mimic those encountered in the clinic and
using parameter values in range for E. coli and in line with
our findings, the model predicts that the impact of increased
persistence on the evolution of resistance is considerably
greater when increased persister fractions are correlated
with increased mutation rates. As our simulations also
demonstrate, these mutants with pleiotropically linked high
persistence and mutation rates are likely to emerge in
fluctuating conditions.

Current efforts to tackle the problem of antibiotic resis-
tance are insufficient, as antibiotic-resistant pathogens pose
a growing public health problem [2, 74]. As the pipeline of
new antibiotics active against these pathogens is very thin,
inhibiting the evolution of resistance could be an important
part of the solution. Indeed, directly intervening with evo-
lution is regarded as a promising therapeutic strategy in
bacterial infections and beyond [75–77]. Antibiotic resis-
tance evolution is a complex process, influenced by many
factors including stress responses, mismatch repair, iron
homeostasis, and translation fidelity [25, 65]. Proposed
strategies to inhibit antibiotic resistance evolution include
combination therapy [78], drug cycling protocols [79],
interference with the SOS response [46], and small-

Fig. 5 Proposed model explaining how persistence accelerates the
evolution of genetic resistance. Persistence refers to the fraction of
cells in a sensitive population that survives otherwise lethal antibiotic
exposure. High persistence accelerates the evolution of antibiotic
resistance by increasing the number of viable cells available for
mutation, thus increasing the likelihood for a resistance-conferring
mutation to arise. Additionally, persistence is linked with higher

mutation rates in growing cells and cells that survive lethal antibiotic
exposure but cannot grow (persisters). Together, these two factors
have the potential to accelerate the evolution of antibiotic resistance in
high-persistence strains in different environments with or without
antibiotics. Red depicts environments where the antibiotic concentra-
tion is above the MIC, while green depicts environments with sub-
inhibitory or zero antibiotic concentrations
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molecule RecA inhibitors [48]. Our results indicate that
bacterial persistence also plays a pivotal role in the devel-
opment of genetic antibiotic resistance and could represent a
novel and innovative way to combat it. Interestingly, it was
recently shown that the molecular mechanisms underlying
drug-tolerant persisters in cancer could be a novel and
promising target to prevent acquired therapy resistance [80,
81]. In conclusion, we propose that anti-persister strategies
may be an important part of the solution to the ongoing
antibiotic crisis, not only by shortening treatment durations
but also by slowing down resistance development.
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