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W

ithin every bacterial population there is a small subpopulation that survives when challenged with a lethal antibiotic
treatment (1). This subpopulation of cells, known as persisters,
exhibits a nonhereditary (1), multidrug tolerance (2). Regrowth of
these persisters, by inoculation into fresh media, produces a population both genetically identical to the original culture and
equally susceptible to antibiotic treatment (2). Persisters are
found in all phases of cell growth, with a frequency of 0.0001 to
0.001% of the population in exponential-phase cultures and as
high as 1% in bacterial biofilms and stationary-phase cultures (3,
4). Biofilms consist of an extracellular polymeric matrix, which, in
some cases, acts as a physical barrier to protect bacteria from antimicrobials and/or host defense mechanisms and also contains
cells with a wide range of metabolic activities (5). Biofilms are
associated with numerous infections (6), including recalcitrant
infections of cystic fibrosis and gingivitis or infections on indwelling devices (3, 7). Persister cells are the key to biofilm resilience
because survival of just a few persisters allows the biofilm to repopulate (8). Persisters also cause recurrence of tuberculosis infections (7), which are particularly difficult to treat in the lungs.
Therefore, persister cell research is necessary in order to devise
more effective medical treatments to combat infectious diseases.
Treatment of bacterial infections is complicated by both bacterial persistence and resistance, two distinct phenomena occurring through unrelated mechanisms (3). Resistance is caused by
genetic variations, which result in the alteration of antibiotic targets to reduce antibiotic binding and efficacy (3). As a result, resistant bacteria are able to survive and even grow in the presence of
antibiotics. Persistence is believed to arise from stochastic, physiological differences (9) that induce a state of dormancy or low
metabolic activity (3). This is supported by the naturally higher
frequency of persister cells in the stationary phase as opposed to
the exponential phase. It is thought that persisters neither grow
nor die in the presence of antibiotics because antibiotics are unable to corrupt cellular processes in a cell with globally reduced
metabolism (3).
Toxin-antitoxin (TA) systems are prevalent in the bacterial
genome (at least 37 in Escherichia coli) (10) and are perceived as a
redundant, genetic basis for the formation of persisters from normal cells (11, 12). TA systems typically consist of two genes encod-
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ing a stable toxin, which disrupts an essential cellular process, and
an unstable antitoxin, which mediates the effect of the toxin (7).
MqsR/MqsA is one such well-characterized TA system (13–19)
that is important to persistence (20–22). MqsR, the toxin, is an
RNase (18) which cleaves nearly all mRNA (23), and overproduction of MqsR was shown to significantly increase persistence (20–
22); deletion of mqsR resulted in decreased persistence, which was
the first time the absence of a toxin was shown to affect persistence
(21). TisB/IstR-1 is another TA system in which the toxin TisB
decreases ATP levels and induction of tisB transcription through
the SOS response increases persistence (24).
Persister cells are typically described as dormant, nondividing
cells with globally reduced metabolism (12, 20, 25); however, it is
not clear what exactly a persister cell is or what the extent of dormancy is (26). A significant step in understanding the persistence
phenotype was the demonstration that cells exhibiting low levels
of translation are more likely to be persisters (20). An unstable
green fluorescent protein variant was inserted into the chromosome under the control of the ribosomal rrnBP1 promoter, which
is highly expressed under conditions of rapid growth (20). Cells
from an exponential-phase culture were individually sorted based
on the level of fluorescence to isolate the “dimmer” cells with low
levels of translation (20). These dimmer cells were 20-fold enriched in persisters, suggesting a correlation between persisters
and reduced protein synthesis (20).
Induction of the SOS response by a low-concentration fluoroquinolone pretreatment increased the persister population that
tolerated lethal antibiotic exposure (27). This suggests that induced persistence is a side effect of antibiotic treatment and can be
triggered as a response to the environment. Based on the signifi-
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Biofilms are associated with a wide variety of bacterial infections and pose a serious problem in clinical medicine due to their
inherent resilience to antibiotic treatment. Within biofilms, persister cells comprise a small bacterial subpopulation that exhibits multidrug tolerance to antibiotics without undergoing genetic change. The low frequency of persister cell formation makes it
difficult to isolate and study persisters, and bacterial persistence is often attributed to a quiescent metabolic state induced by
toxins that are regulated through toxin-antitoxin systems. Here we mimic toxins via chemical pretreatments to induce high levels of persistence (10 to 100%) from an initial population of 0.01%. Pretreatment of Escherichia coli with (i) rifampin, which
halts transcription, (ii) tetracycline, which halts translation, and (iii) carbonyl cyanide m-chlorophenylhydrazone, which halts
ATP synthesis, all increased persistence dramatically. Using these compounds, we demonstrate that bacterial persistence results
from halted protein synthesis and from environmental cues.
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TABLE 1 Bacteria used in this study
E. coli K-12
strain
BW25113
MB411
MB4814
MB4815
MB4816
MB4817

Description
lacIq rrnBT14 ⌬lacZWJ16 hsdR514 ⌬araBADAH33
⌬rhaBADLD78
hsdR514 glnV44 tryT58 lacY1 galK2 galT22
metB1 trpR55
MB411 F=110 metB⫹ rpoB⫹
MB411 F=110 metB⫹ rpoB⫹
MB411 F=110–1 metB⫹ rpoB3 (Rifr)
MB411 F=110–1 metB⫹ rpoB3 (Rifr)

Source or
reference
48
This study
This study
This study
This study
This study

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used are listed
in Table 1. All experiments were conducted at 37°C in Luria-Bertani (LB)
medium (31), with shaking at 250 rpm (liquid cultures).
MIC assay. The MIC of E. coli K-12 BW25113 to rifampin, tetracycline, ampicillin, and ciprofloxacin was determined by incubating freshly
inoculated cultures in LB broth for 16 h with various concentrations of
each antibiotic and observing inhibition of growth based on lack of turbidity. Experiments were performed with at least three independent cultures.
Persister cell viability assay. The number of persister cells was determined based on an assessment of cell viability after antibiotic treatment by
serially diluting cultures in 0.85% NaCl solution, plating 10 l drops on
LB agar, and counting colonies (32). Both ciprofloxacin (5 g/ml) (33)
and ampicillin (100 g/ml) (34) treatments were used for 3 h, except for
the prolonged treatment with ciprofloxacin where 8 h was used. Concentrations were chosen to be at least 10⫻ the MIC (ciprofloxacin, 0.01 to
0.05 g/ml; ampicillin, 5 to 10 g/ml) to minimize survival of potential
spontaneous resistant mutants, and treatments lasted 3 h to ensure eradication of nonpersisters. Cultures of E. coli K-12 BW25113 were diluted
1:1,000 in fresh LB broth from a 16-h overnight inoculum and grown to
mid-exponential phase (turbidity of 0.8 at 600 nm) before either adding
antibiotics (ciprofloxacin or ampicillin) and quantifying the number of
persisters or pretreating with compounds that reduce protein synthesis
and then adding antibiotics (ciprofloxacin or ampicillin) and quantifying
the number of persisters. Pretreated cultures were exposed to rifampin
(100 g/ml for 30 min), tetracycline (50 g/ml for 30 min), or CCCP (50
g/ml for 3 h). Cultures were centrifuged and resuspended in fresh LB
broth to remove the pretreatment compounds prior to quantifying per-
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RESULTS

For this study, ciprofloxacin and ampicillin were the bactericidal
antibiotics chosen for treatments to isolate persister cells. Ciprofloxacin, a fluoroquinolone, binds to DNA and affects the activity
of DNA gyrase, inhibiting DNA replication (33). Ciprofloxacin is
effective at killing cells in all phases of growth (33), making it an
appropriate antibiotic to isolate persister cells regardless of
whether pretreatment affects replication. Ampicillin, a ␤-lactam,
binds to transpeptidase and carboxypeptidase, inhibiting cell wall
synthesis (34). The disruption of these enzymes leads to lethal
defects of the cell wall and also cell lysis during the process of cell
replication (34). It should be noted that ampicillin has reduced
efficacy in treating nongrowing or slow-growing cells (35). Ampicillin was used in this study, in addition to ciprofloxacin, to isolate
persister cells and test for multidrug tolerance of pretreated cultures, indicative of bacterial persistence.
Rifampin pretreatment increases persistence. Rifampin is a
bacteriostatic antibiotic (36) which inhibits mRNA synthesis (37)
by binding and inactivating RNA polymerase (28), thereby preventing transcription. We reasoned that rifampin pretreatment
could be used to increase persistence by inhibiting transcription,
consistent with overproduction of MqsR, which cleaves nearly all
mRNA. Hence, we tested whether a pretreatment of E. coli with
rifampin would increase persistence. To pretreat the cells, we exposed cells to rifampin (100 g/ml) during the mid-exponential
phase for 30 min. Rifampin pretreatment conditions were optimized for maximum survivability, and altering the concentration
and duration led to varied survivability. Our results showed that
cultures pretreated with rifampin displayed significantly increased
persistence (⬃1,000- to 10,000-fold increase over untreated cultures), with 59% of the pretreated population surviving ciprofloxacin treatment and 69% surviving ampicillin treatment
(Fig. 1).
To verify our results, we observed that pretreatment only
caused a modest amount of cell death, with 57% of the initial
population surviving rifampin exposure, confirming that persistence is not artificially increased by eradication of nonpersisters
via pretreatment. We also tested whether the formation of spon-
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cant increase in persistence observed with overproduction of the
toxin MqsR (20–22) and with ciprofloxacin as an environmental
trigger for the SOS response (27), we hypothesized that perhaps
compounds which reduce protein synthesis could be used to
mimic the effects of toxins, like MqsR and TisB, to produce persister cells. Hence, in this study, we disrupted protein synthesis via
rifampin (28) and tetracycline (29) and disrupted energy production via carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(30). Corroborating our hypothesis, use of these compounds to
inhibit transcription, inhibit translation, and inhibit ATP synthesis induced persistence in a large percentage of the population (10
to 100%) in comparison to a maximum of ⬃1% observed in stationary-phase cultures (3). Based on our results, we conclude that
the level of bacterial persistence is proportional to the level of
halted protein synthesis and, additionally, have designed a novel
method for inducing a high level of persistence within any bacterial population by utilizing a chemical pretreatment. The ability to
work with a culture consisting of almost entirely persister cells is a
useful tool for future persister research.

sister cells after exposure to ciprofloxacin or ampicillin. The pretreatment
concentrations and durations were optimized to produce the highest survivability for this study. Concentrations of rifampin (100 g/ml) and
tetracycline (50 g/ml) were both significantly higher than the MICs, 10
to 20 g/ml and 0.5 to 1 g/ml, respectively. Experiments were performed
with at least four independent cultures.
Persister revival assay. The time required for the revival of induced
persister cells was determined based on growth curves for cultures after
pretreatment. Cultures of E. coli K-12 BW25113 were diluted 1:1,000 in
fresh LB broth from a 16-h overnight inoculum and grown to mid-exponential phase (turbidity of 0.8 at 600 nm) before being pretreated with
rifampin (100 g/ml for 30 min), tetracycline (50 g/ml for 30 min), or
CCCP (50 g/ml for 3 h). Following pretreatment, cultures were centrifuged and resuspended in fresh LB broth to remove the pretreatment
compounds and then diluted to a turbidity of 0.1 at 600 nm. Experiments
were performed with at least four independent cultures.
Merodiploid construction. The merodiploid strains were constructed
by conjugation between a multiply auxotrophic donor carrying F=110 or
F=110-1 and selecting for Met⫹ prototrophy with MB411. Rifampin resistance was scored for confirmation. Persistence was tested as above, except
with 25 g/ml rifampin pretreatment, a concentration allowing normal
growth of the resistant merodiploid, with at least three independent cultures.
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FIG 1 Persistence induced with rifampin, tetracycline, and CCCP pretreatments. Cell survival (%) after treatment with ciprofloxacin (5 g/ml) (a) and
ampicillin (100 g/ml) (b) for 3 h. Exponential-phase cultures of the E. coli
K-12 BW25113 wild type were pretreated with rifampin (100 g/ml for 30
min), tetracycline (50 g/ml for 30 min), and CCCP (50 g/ml for 3 h) prior
to antibiotic exposure. Data from four independent cultures are shown along
with one standard deviation.

taneous resistant mutants affected our results by checking for
growth of the persister cultures plated on LB agar plates containing ampicillin or ciprofloxacin, respective of prior treatment. Our
results showed that spontaneous resistant mutants contribute to
less than 0.0001% of the induced persister population, with no
observable growth up to the limit of detection. An important consideration, regarding the choice of antibiotics, is that pretreatment
may lead to a state of diminished growth, similar to stationary
phase, which would reduce the efficacy of ampicillin. However,
increased survival to ciprofloxacin after rifampin treatment confirms the persistence phenotype because ciprofloxacin eradicates
cells with reduced growth. Therefore, we achieved a consistent
increase in persistence to antibiotics of two separate classes.
Rifampin-induced persisters show a characteristic lag in revival and slow loss of viability. To provide further evidence that
the rifampin pretreatment induced persistence, we performed a
revival assay of cultures pretreated with rifampin since persister
cells exhibit a lag before resumption of normal growth (25). As
expected for persister cells, we found that rifampin-pretreated
cultures displayed a lag of ⬃4 h (Fig. 2). The delay before growth
following exposure to rifampin has previously been described as a
“post-antibiotic effect,” caused by the lack of mRNA (38). The lag
before resumption of normal growth, reduced levels of mRNA,
and increased survival to antibiotics are all characteristics that are
associated with both persister cells and rifampin-treated cells.
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These correlations suggest that the “post-antibiotic effect” of rifampin is physiologically the same as that in persister cells, so we
conclude that rifampin pretreatment induces a persister-like state.
Since antibiotic treatment of bacterial cultures produces biphasic cell death, with persister cells surviving extended periods of time, exhibiting slow, steady cell death (39), we tested
the rifampin-pretreated cells to see if they demonstrated this
slow loss of viability that is characteristic of persister cells.
Hence, we exposed pretreated cultures to ciprofloxacin for a
prolonged period, quantifying the number of viable cells at
several time points. Our results reflect slow, steady cell death
for up to 8 h of antibiotic treatment (Fig. 3), which is charac-

FIG 3 Prolonged antibiotic exposure of rifampin-induced persisters. Cell survival (%) during prolonged treatment with ciprofloxacin (5 g/ml). Exponential-phase cultures of the E. coli K-12 BW25113 wild type were pretreated with
rifampin (100 g/ml for 30 min) prior to antibiotic exposure. Data from four
independent cultures are shown along with one standard deviation.
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FIG 2 Revival of rifampin-, tetracycline-, and CCCP-induced persisters. Resumption of growth (monitored with turbidity) for persisters subsequent to
pretreatments. Exponential-phase cultures of the E. coli K-12 BW25113 wild
type were pretreated with rifampin (100 g/ml for 30 min), tetracycline (50
g/ml for 30 min), and CCCP (50 g/ml for 3 h) prior to growth in fresh LB
media. Representative data from two independent cultures are shown along
with one standard deviation.
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sistence through mechanisms acting similarly to the toxin MqsR,
we hypothesized that mimicking the toxin TisB would also induce
persistence. Since the toxin TisB decreases cellular ATP (24), we
tested pretreatment with the metabolic poison CCCP, an uncoupling agent that inhibits ATP synthesis (30). Using a pretreatment
of CCCP to reduce cellular ATP (optimized for maximum survivability), we observed 76% persistence to ciprofloxacin and 64%
persistence to ampicillin, similar to the results with rifampin and
tetracycline (Fig. 1). As with the other pretreatments, 47% of cells
survived CCCP exposure, confirming that persistence was not artificially increased and a reduction in metabolism increases persistence.
CCCP-induced persisters show characteristic lag in revival.
As with the rifampin and tetracycline pretreatments, we performed a revival assay following CCCP pretreatment to characterize the induced survivability as persistence. Our results showed a
lag in revival of ⬃0.5 to 1 h (Fig. 2) following CCCP pretreatment,
which is shorter than that induced by antibiotics. We reason that
the recovery time is reduced because CCCP diminishes metabolic
activity without directly inhibiting mRNA or protein synthesis.
Therefore, we conclude that CCCP pretreatment does in fact induce persistence.
DISCUSSION

Persister cells have frequently been characterized as dormant cells
in a state of low metabolism (12, 20, 25), although few experiments have been performed to verify this. Several TA systems have
been suggested as the basis of persister cell formation (12, 21, 22).
In this study, we have shown that bacterial persistence can be
induced with pretreatments that affect transcription and translation. We first attempted to mimic the effects of the toxin MqsR
(18) and found that temporary exposure of cells to rifampin, to
inhibit transcription, significantly increased subsequent survival
to treatment with the bactericidal antibiotics ciprofloxacin and
ampicillin (Fig. 1), two different classes of bactericidal antibiotics.
This shows that the rifampin-induced survivor cells exhibit multidrug tolerance, which is indicative of bacterial persistence (2).
The order of magnitude of these persister cells was consistently
between 10 to 100%, a considerably higher level than the ⬃0.01%
persistence we found in exponentially growing cells (Fig. 1) and
the ⬃1% persistence observed in stationary-phase cultures (3, 4).
This high increase in percentage of persister cells can have several
applications, considering the low frequency of naturally forming
persisters.
Similarly to our rifampin pretreatment, we found that tetracycline, which binds the ribosome to inhibit translation, also produced a high level of persistence (Fig. 1). Since both rifampin and
tetracycline effectively prevent translation, the corroboration of
these results shows that lack of protein synthesis is a key to bacterial persistence. Our conclusion is consistent with previous research that indicates a correlation between persister cells and reduced protein synthesis (20). It was shown that cells exhibiting
low levels of translation were 20-fold more persistent than a normal culture (20). With our pretreatments, we have induced persistence in nearly 100% of the cell population by blocking protein
synthesis (⬃1,000- to 10,000-fold increased persistence). Our results suggest that persisters are cells exhibiting essentially a complete lack of protein synthesis.
Pretreating cells with rifampin or tetracycline to induce persistence was effective at imitating the effect of overexpressing the
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teristic of persister cell cultures. Therefore, our rifampin-induced persisters are “true” persisters.
Rifampin induces persistence by arresting transcription.
Our hypothesis is that rifampin increases persistence by halting
protein synthesis via inhibition of transcription. This suggests that
rifampin-resistant mutants would no longer show a rifampin-induced increase in persistence. Three independent spontaneous
rifampin-resistant mutants behaved consistently with this prediction. These strains showed no effect of rifampin pretreatment,
producing less than a 4-fold difference in antibiotic persistence
with and without pretreatment in comparison to a 13,000-fold
increase in persistence for the pretreated wild-type culture. Rifampin-resistant mutants yielded between 0.0001 to 0.002% persistence, identical to the magnitude of survival for the wild-type parent without pretreatment.
Another important consideration was to check whether the
induced persistence is actually the result of arrested transcription,
rather than a cellular response from the inhibition of RNA polymerase. Merodiploid strains (two independent strains) containing both wild-type and rifampin-resistant (rpoB⫹/rpoB3) alleles
were compared to the wild type (rpoB⫹/rpoB⫹) for persister formation upon rifampin pretreatment. If rifampin induces persistence through inhibition of transcription, then carrying a rifampin-resistant allele will allow continued transcription and should
reduce the effect of pretreatment. Without pretreatment, both the
rpoB⫹/rpoB3 and rpoB⫹/rpoB⫹ merodiploids showed the same
magnitude of antibiotic persistence (0.2 to 2%). However, rifampin pretreatment increased persistence ⬃100-fold for the rpoB⫹/
rpoB⫹ strains, with a reduced effect of ⬃10-fold for the rpoB⫹/
rpoB3 strains. Therefore, the presence of a rifampin-resistant allele
in the merodiploids reduced persistence ⬃10-fold, allowing us to
conclude that rifampin pretreatment induces persistence by inhibition of transcription and not via a cellular signal from the wildtype polymerase.
Tetracycline induces persistence similarly to rifampin. Based
on our findings that rifampin induces persistence through inhibited transcription, we decided to test whether inhibiting translation would also induce persistence. We found that pretreatment
with tetracycline, a translation inhibitor (29), significantly increased persistence. Cultures were pretreated with tetracycline in
the same manner as with rifampin (conditions optimized for maximum survivability), resulting in 47% survival to ciprofloxacin (5
g/ml) and 21% survival to ampicillin (100 g/ml) (Fig. 1). A
majority of cells (60%) survived the tetracycline exposure, confirming that persistence was not artificially increased and that a
reduction in protein synthesis increases persistence.
We also performed a revival assay and found that tetracyclinepretreated cultures displayed a lag in revival of ⬃2 h (Fig. 2). The
“post-antibiotic effects” of tetracycline (40), a combination of the
lag before growth, reduced protein levels (from inhibition of protein synthesis), and increased survival to antibiotics, are consistent
with rifampin pretreatment, so we conclude that tetracycline pretreatment also produces persister cells. The corroboration of results from rifampin and tetracycline pretreatments suggests that
inhibiting protein synthesis is the key to making persister cells.
Preliminary tests with streptomycin (100 g/ml) and trimethoprim (10 g/ml) had a similar effect, both displaying ⬃1%
survival to ampicillin (100 g/ml), but pretreatments with these
compounds were not optimized.
CCCP induces persistence. After our success at inducing per-
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in exponential cell cultures through overexpression of mqsR (21),
tisB (24), and relE (44) at the same order of magnitude achieved in
this study. However, the method developed in this study can be
applied to wild-type cultures in nonsupplemented media and provides another viable method to study persisters.
Persister cell formation was first shown to be a stochastic process (25), thought to result from fluctuations in gene expression
and protein levels within individual cells of an isogenic population
(45). Recent studies have suggested that persistence can also arise
as a result of environmental factors, including the presence of
ciprofloxacin (24), a bactericidal antibiotic, or indole (46), an intercellular signaling molecule. Many antibiotic compounds are
naturally occurring in the environment, are produced by various
microorganisms, and are used to provide a competitive advantage
against neighboring species (47). The significant increase in persistence we observe, after pretreatment with rifampin, tetracycline, and CCCP, clearly shows several ways in which bacterial
persistence is induced via environmental pressure, rather than
solely via a stochastic event. Hence, it is apparent that while persistence can result from stochastic fluctuations, it is also directly
affected by the presence of numerous extracellular molecules. The
response of persister cell formation, when faced with the presence
of these natural inhibitory compounds, likely serves as an evolutionarily developed mechanism for bacteria to subsist despite
chemical pressure from competing organisms.
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After success with mimicking the effect of MqsR, we also tried
to mimic another toxin linked to persister cell formation, TisB
(24). We did this by testing whether the uncoupling agent CCCP
had a similar effect on persistence when used as a pretreatment.
We found that this metabolic poison induced persistence along
the same order of magnitude as that observed for pretreatments
with rifampin and tetracycline (Fig. 1). Based on our supposition
that bacterial persistence is the general lack of protein synthesis,
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pretreatments to produce high-persister cultures will be useful in
studying additional aspects of persistence; for example, we can
better study gene expression of persister cells to determine the
extent of dormancy required for persistence. Abundant persisters
also allow us to more easily study how persister cells revive and
determine methods for altering revival. Gaining a better understanding of the extent of dormancy required for persistence and
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frequencies of persister cells (e.g., overexpression of a toxin from
an inducible plasmid); for example, persistence has been induced
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Dörr T, Vulić M, Lewis K. 2010. Ciprofloxacin causes persister formation
by inducing the TisB toxin in Escherichia coli. PLoS Biol. 8:e1000317. doi:
10.1371/journal.pbio.1000317.
Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S. 2004. Bacterial
persistence as a phenotypic switch. Science 305:1622–1625.
Allison KR, Brynildsen MP, Collins JJ. 2011. Heterogeneous bacterial
persisters and engineering approaches to eliminate them. Curr. Opin. Microbiol. 14:1– 6.
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