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Persistent bacterial infections
and persister cells
Robert A. Fisher, Bridget Gollan and Sophie Helaine

Abstract | Many bacteria can infect and persist inside their hosts for long periods of time.
This can be due to immunosuppression of the host, immune evasion by the pathogen and/or
ineffective killing by antibiotics. Bacteria can survive antibiotic treatment if they are resistant
or tolerant to a drug. Persisters are a subpopulation of transiently antibiotic-tolerant bacterial
cells that are often slow-growing or growth-arrested, and are able to resume growth after
a lethal stress. The formation of persister cells establishes phenotypic heterogeneity within a
bacterial population and has been hypothesized to be important for increasing the chances of
successfully adapting to environmental change. The presence of persister cells can result in the
recalcitrance and relapse of persistent bacterial infections, and it has been linked to an
increase in the risk of the emergence of antibiotic resistance during treatment. If the
mechanisms of the formation and regrowth of these antibiotic-tolerant cells were better
understood, it could lead to the development of new approaches for the eradication of
persistent bacterial infections. In this Review, we discuss recent developments in our
understanding of bacterial persisters and their potential implications for the treatment of
persistent infections.
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Numerous bacterial infections are able to persist in the
host for long periods of time, even during antibiotic
treatment. Several factors in both the pathogen and
host are thought to contribute to the establishment
and maintenance of persistent infections, including
antibiotic resistance and immunosuppression. Another
phenomenon that is steadily gaining recognition for
its role in persistent infections is the presence of persister cells (BOX 1). Persister cells are thought to be
ubiquitous among bacterial species and have been well
described in Escherichia coli, Pseudomonas aeruginosa,
Mycobacterium tuberculosis, Salmonella enterica subsp.
enterica serovar Typhimurium and Staphylococcus
aureus 1–3. Persisters cause antibiotic treatment failure,
are selected for following repeated doses of antibiotics4,5 and have been shown to lead to the emergence of
antibiotic resistance6,7. Therefore, persisters are a major
public health concern. Persisters were first described
soon after the discovery of antibiotics8,9. The term was
first used by Joseph Bigger in 1944 after he discovered
a culture of S. aureus that could not be sterilized with
high doses of penicillin. He hypothesized that a minority of cells survived antibiotic treatment owing to their
lack of growth rather than a heritable resistance mechanism9. However, this hypothesis was not confirmed
for 60 years, until a study that used microfluidics and

live imaging showed that the bacterial cells that survived antibiotic treatment were not growing before
the addition of antibiotics10. Many studies have since
corroborated this observation (as reviewed in REF. 1).
In addition to growth arrest or slow growth 1,11,12,
a decrease in metabolic activity is often associated with
the persister phenotype13. However, persisters are not
necessarily metabolically inactive14.
In recent years, there have been numerous studies
that have heightened, but also challenged, our understanding of how multidrug-tolerant persisters form and
have given us insights into the mechanisms that are
responsible for the regrowth of persisters. Advances
have been made in the technologies that are used to
study persister cells and several approaches for killing them have been proposed (BOX 2). The inherent
ability of persister cells to survive antibiotic treatment, without being genetically resistant, is likely to
be a key factor in many persistent bacterial infections.
However, despite the relevance of persisters to infection, the bulk of research into persister biology is still
carried out in laboratory strains that are cultured in
unphysiological nutrient-rich medium. In this Review,
we discuss recent advances in our understanding of the
formation and regrowth of persisters in the context
of infection.
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Box 1 | Definition of field-specific terms
Persistence
The ability of bacteria to remain viable in the host for a prolonged period of time. Not to
be confused with bacterial persisters.
Bacterial persisters
Cells that represent a subset of antibiotic tolerance; persisters are a subpopulation of
slow-growing or growth-arrested bacterial cells that have a decreased susceptibility to
killing by bactericidal antibiotics within an otherwise susceptible clonal population,
owing to a low target activity or low antibiotic uptake that is induced by stress.
Antibiotic resistance
The ability of a population of bacteria to grow in the presence of antibiotics, owing to
an acquired genetic modification that enables the degradation or export of the
antibiotic, or modification of the antibiotic target.
Phenotypic resistance
A form of antibiotic resistance; the ability of a subpopulation of bacterial cells to grow
in the presence of antibiotics within a clonal and otherwise susceptible population,
owing to phenotypic variation that enables the degradation or export of the antibiotic,
or modification of the antibiotic target.
Antibiotic tolerance
The reduced susceptibility of a population of bacteria to killing by bactericidal
antibiotics, owing to low target activity or low drug uptake, often associated with slow
growth or reduced metabolism induced by stress.

Nosocomial infections
Infections acquired when under
medical care, also known as
hospital-acquired infections
(HAIs).

Interleukin‑10
(IL‑10). A cytokine that
suppresses the interferon
(IFN)‑mediated transcriptional
response.

Interferon-γ response
(IFNγ response). The
transcriptional changes that
take place in a cell due to
the detection of the cytokine
interferon-γ (IFNγ), some of
these changes increase the
antibacterial capabilities
of phagocytes.

Type III secretion system
(T3SS). A protein needle-like
appendage that is used by
bacteria to translocate effector
proteins into eukaryotic cells
to manipulate host cellular
processes.

MHC class II antigen
presentation
The process of presenting
antigen bound to MHC class II
on the cell plasma membrane
for recognition by cells of the
adaptive immune system.

Bacterial persistence in the host
Persistent infections
Asymptomatic (subclinical) or symptomatic persistent
bacterial infections can take place in various tissues
within the host (TABLE 1) and are associated with antibiotic treatment failure15,16. Asymptomatic persistent
infections are regularly undiagnosed and can be caused
by growing or growth-arrested bacteria. Subclinical persistent infections caused by actively growing bacteria are
not only a burden on the host but also have the potential to spread to others and cause disease. For example,
typhoid fever, which is caused by infection with S. enterica subsp. enterica serovar Typhi, can lead to a state of
asymptomatic carriage in 2–5% of patients, with large
amounts of bacteria being shed from the gallbladder 17.
This condition can take four times longer to treat than
acute typhoid fever and substantially increases the risk
of gallbladder cancer 18; treatment may fail even after
this long course of antibiotics, requiring the removal
of the gallbladder and additional antibiotic therapy 19.
Infection with Helicobacter pylori, which is associated
with an increased chance of developing stomach ulcers20
and gastric cancers21,22, also leads to the shedding of
bacteria. Asymptomatic persistent infections can also
be caused by latent growth-arrested bacteria and are
associated with relapses of acute symptomatic infections.
For example, 10% of individuals who are infected with
latent M. tuberculosis following initial acute infection
will relapse during their lifetime23. Typhoid fever recurs
in 15% of patients following antibiotic treatment 24, and
following a urinary tract infection (UTI) caused by uropathogenic E. coli (UPEC), 27% of women will suffer
a relapse25. Several other bacterial infections, including
streptococcal tonsillitis26, tend to recur after antibiotic
treatment and are likely to have a period of latency in
the host.

Symptomatic persistent infections are characterized
by a long period of clinical manifestations, often despite
treatment with antibiotics16. They can be life threatening
and often follow the use of indwelling medical devices
or the suppression of immunity during chemotherapy or
infection with HIV. Persistent infections that are associated with indwelling medical devices account for around
half of all nosocomial infections and are notoriously recalcitrant to drugs27. Acute infection with M. tuberculosis
can take several months to treat with antibiotics23, and
lung infections in patients with cystic fibrosis, which
are often caused by P. aeruginosa, Burkholderia cepacia,
S. aureus and H. pylori, become increasingly difficult to
treat over time, despite remaining apparently susceptible to antibiotics in laboratory tests28. The long courses
or repetitive use of antibiotics owing to recalcitrant or
relapsing infections will not only have negative effects
on patient health, through side effects and depletion of
the resident microbiota29, but also increase the selection
of antibiotic-resistant strains. Therefore, there is a need
for more effective strategies to treat persistent infections.

Why do infections persist?
Ineffective clearance by the host. In the absence of
antibiotic treatment, a persistent infection is the result
of the failure of the host immune system to clear the
causative organism. This may be due to an inability of
the immune system to detect the pathogen. Some bacteria have evolved strategies to passively avoid detection by
the host; for example, Borrelia spp. vary the expression
of surface antigens during infection30. Pathogens can
also modulate host immune responses, thereby triggering an inappropriate anti-inflammatory response, thus
decreasing the chance of pathogen clearance. For example, M. tuberculosis and Listeria monocytogenes induce
the production of interleukin‑10 (IL‑10) in macrophages
to suppress the interferon-γ response (IFNγ response) that
otherwise restricts bacterial growth31. Moreover, many
pathogens, including M. tuberculosis, Legionella pneumophila and Salmonella spp., avoid degradation following phagocytosis by host immune cells by inhibiting the
maturation of phagosomes32. Pathogens can also interfere with the adaptive immune response; for example,
the S. Typhimurium Salmonella pathogenicity island 2
(SPI‑2) type III secretion system (T3SS) effector SteD was
recently shown to inhibit MHC class II antigen presentation
in dendritic cells33, probably influencing the host T cell
response in favour of the pathogen. These are only a few
examples of the diverse strategies that bacteria use to
evade host immunity; this expansive topic has been well
reviewed elsewhere (see REFS 34,35).
Even if the host detects the pathogen and an antibacterial response is mounted by the immune system,
eradication of the pathogen is not guaranteed. For example, H. pylori escapes clearance despite inducing high
levels of inflammation in the stomach epithelium36.
This is dependent on many factors, including adherence, cell motility, the detoxification of reactive oxygen
species (ROS) and toxin secretion37. The formation of
biofilms, which involves the secretion of polysaccharides
and DNA by bacteria to form a protective extracellular
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Granulomas
Organized groupings of
macrophages and other cell
types around foreign material
that the immune system is
unable to eliminate.

Bactericidal antibiotic
An antibiotic that kills bacteria,
as opposed to a bacteriostatic
antibiotic, which only inhibits
growth.

Salmonella-containing
vacuole
(SCV). A membrane-bound
compartment that resembles
that of a modified late
endosome, in which Salmonella
spp. typically reside within
host cells.

Fluoroquinolones
A class of antibiotics that
target DNA gyrase activity to
induce the formation of lethal
double-stranded breaks in
bacterial DNA.

matrix, has also been linked to the persistence of many
infections38. Biofilms can block complement-mediated
and cell-mediated killing in many persistent infections, such as those that are associated with indwelling
devices27,39,40. Furthermore, M. tuberculosis cells can be
effectively ‘walled off ’ by macrophages in lung tissue to
form granulomas. This restricts the growth of the bacteria, but the pathogen is not cleared. If host immunity is
subsequently suppressed, bacterial growth may resume
and result in a relapse of acute tuberculosis41.
Ineffective clearance by antibiotics. Antibiotic treatment failure can be due to several factors, such as low
patient compliance and poor pharmacokinetics of drugs
in infected tissues42,43. In addition, antibiotic resistance
that is acquired through genetic adaptation or horizontal
gene transfer may enable the survival and growth of bacteria in the presence of antibiotics, even at concentrations
that are toxic for the host 44. In the absence of resistance,
bacteria may survive drug treatment through antibiotic
tolerance45 (FIG. 1a). Tolerance is a decrease in the susceptibility of a bacterial population to killing by a bactericidal
antibiotic. Tolerance can also be described as an increase
in the time it takes for an entire bacterial population to
be killed at a given concentration of antibiotic45. Slow
growth may increase the duration of antibiotic exposure

Box 2 | Methods for studying persisters
The first methods used to study persisters relied on antibiotics that selected for the
insensitive cells52. However, in recent years, fluorescent reporters have enabled a much
larger repertoire of techniques133 to be developed and applied to the study of
persisters, without the use of antibiotics.
Fluorescent reporters have been used to measure the metabolic activity or growth of
persisters. A fluorescence dilution reporter plasmid, which provides an inverse measure
of bacterial proliferation on the basis of fluorescence, was used to distinguish growing
and growth-arrested Salmonella enterica subsp. enterica serovar Typhimurium cells
within macrophages14,134. A GFP reporter and fluorescence-activated cell sorting (FACS)
have also been used to isolate persister cells for transcriptomic analysis79. Furthermore,
metabolically active Mycobacterium tuberculosis persisters were monitored in vitro and
during murine infections using an unstable GFP rRNA gene fusion135.
Microfluidics has been used in combination with fluorescent reporters (for example,
fusions with toxin–antitoxin promoters60 or metabolic reporters135) to study persisters
in vitro.
Transcriptomics has been carried out using microarrays on enriched persister
fractions that were isolated using fluorescent reporters81. However, as next-generation
DNA sequencing is becoming more affordable, RNA sequencing (RNA-seq) is becoming
the method of choice for transcriptomics. RNA-seq has substantially increased the
sensitivity and the dynamic range compared with microarrays136, making it particularly
useful for the study of persisters, which are often a small subpopulation of cells that
probably synthesize low levels of RNA.
Potential future developments for persister research include the design of improved
techniques that are able to identify the factors that are associated with, and specific to,
the formation of persisters or persister regrowth. Current methods that use colony
forming units (CFU) to measure levels of bacterial persisters often cannot differentiate
between levels of persister formation or levels of persister regrowth. One major
problem with monitoring persister regrowth by FACS or microfluidics is that a sample
can quickly accumulate numerous early-regrowing bacteria, which prevents any
observations of late-regrowing cells. The ScanLag technique has the potential to be
invaluable for monitoring the regrowth of persisters. The ScanLag method uses
time-lapse imaging to monitor the appearance and growth of bacterial colonies on agar
plates over time137 and has been used to study the emergence of antibiotic-tolerant and
antibiotic-resistant cells in evolution experiments7,51.

that is required to kill the population, this is probably
owing to a reduction in the activity of metabolic drug
targets and decreased antibiotic uptake. Antibiotic
resistance and tolerance can either occur on the level
of a whole population of bacteria or in a subpopulation
through phenotypic heterogeneity, known as phenotypic
resistance or persister formation, respectively. Persisters
can be multidrug tolerant, but may differ in their sensitivity to different antibiotics. They are slow-growing
or growth-arrested bacteria that are able to re‑establish
growth once cellular stress pathways are deactivated,
but they regain sensitivity to antibiotics once growth
resumes1–3,46. Homogenous populations of bacteria that
are resistant, tolerant or susceptible to antibiotics theoretically exhibit differential killing kinetics during treatment
in vitro (FIG. 1a); however, a clonal population of bacteria
is rarely entirely homogenous and will respond to antibiotic treatment in a heterogeneous manner. For example,
S. Typhimurium cells that are cultured in nutrient-rich
media have classic biphasic killing kinetics following
the addition of the antibiotic cefotaxime, because of the
simultaneous presence of antibiotic-tolerant persister
cells in addition to the bacterial cells that are sensitive
to the drug (FIG. 1b). Antibiotic-susceptible bacteria die
rapidly after the addition of cefotaxime, which results in
a large initial decrease in colony forming units (CFU),
whereas persister cells remain viable, which is represented
by a plateau in the killing kinetics. S. Typhimurium cells
that are released from macrophages 30 min after phagocytosis and are then cultured in nutrient-rich media in
the presence of cefotaxime have similar biphasic killing
kinetics. However, the persister fraction is much larger,
owing to the activation of cellular stress responses that
are induced by the acidic and nutrient-limiting conditions within the Salmonella-containing vacuole (SCV)14.
A clonal population of S. Typhimurium that is treated
with antibiotics while inside macrophages is even more
heterogeneous; the total population replicates at a slower
rate compared with growth in nutrient-rich medium
and is therefore more tolerant to antibiotic treatment.
In addition to these slow-growing tolerant cells, there
is a subpopulation of growth-arrested persister cells
that are even less susceptible to the drug. In this case,
a more gradual decrease in the number of viable cells
is observed until only the persister fraction remains14.
During infection of host tissues, antibiotic-tolerant
slow-growing bacteria and growth-arrested persisters
are likely to exist simultaneously. Variable sensitivity to
antibiotics as a consequence of differential growth kinetics has been well described during antibiotic treatment
of murine S. Typhimurium infection47. Growth-arrested
S. Typhimurium cells were found to be the least susceptible to killing by fluoroquinolones. Interestingly, the largest
surviving proportion of cells had an intermediate rate
of growth, which enabled the bacteria to grow without
being killed rapidly by the antibiotic. One could speculate that a slow-growing tolerant population of bacteria
is of concern in a chronic infection that is associated
with treatment failure, whereas growth-arrested persisters can provide a source of bacterial regrowth that
results in the recurrence of clinical symptoms after an
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Table 1 | Examples of bacterial species that cause persistent infections
Bacterial species

Site of infection

Form of persistent infection

Mycobacterium tuberculosis

Respiratory

Symptomatic or asymptomatic (latent)

Pseudomonas aeruginosa53

Respiratory

Symptomatic

Burkholderia cepacia

Respiratory

Symptomatic

Haemophilus influenzae148

Respiratory

Symptomatic

Helicobacter pylori

Gastrointestinal

Asymptomatic (active)

Brucella abortus149

Gastrointestinal

Asymptomatic (active or latent)

Escherichia coli

Gastrointestinal

Symptomatic

Clostridium difficile151

Gastrointestinal

Symptomatic

Salmonella enterica subsp. enterica
serovar Typhi or S. Paratyphi36

Systemic

Asymptomatic (active or latent)

Nontyphoidal invasive Salmonella spp.152

Systemic

Asymptomatic (active or latent)

Borrelia burgdorferi

Systemic

Symptomatic

Staphylococcus aureus153

Systemic

Symptomatic

Streptococcus pyogenes

Systemic

Asymptomatic (latent)

Chlamydia trachomatis154

Sexually transmitted infection

Asymptomatic (active)

Treponema pallidum

Sexually transmitted infection

Asymptomatic (latent)

Uropathogenic E. coli63

Urinary tract infection

Asymptomatic (latent)

36

147

36

150

30

50

155

apparently successful course of treatment with antibiotics. It is important to keep in mind that the reasons for
antibiotic treatment failure in the host are complex and
may be the result of a combination of the interactions
between the pathogen and host immunity, and anti
biotic resistance and tolerance on both the population
and subpopulation levels.

Genovar
A classification used for
differentiating between strains
of the same serovar that differ
substantially in their genetic
content.

Lag time
The time taken before
resumption of the growth of
growth-arrested bacteria.

Persister cells and persistent infections
In recent years, evidence that bacterial persisters have
a role in the relapse and recalcitrance of infections has
been accumulating. Monitoring SNPs between isolates
of S. Typhimurium from cases of invasive non-typhoidal
salmonellosis (iNTS) showed that in cases of recurrent
fever, 78% were caused by the same genovar as the origi
nal infection48. Similar observations were made by
sequencing UPEC strains from patients with UTIs49 and
Streptococcus pyogenes strains from patients with streptococcal tonsillitis50. These findings indicate that the
bacteria that caused these infections were never cleared
from the host during treatment with antibiotics.
Antibiotic tolerance is generally considered to be the
result of non-heritable phenotypic changes in bacteria;
however, genetic mutations may also indirectly increase
tolerance by slowing growth, metabolism or the uptake
of drugs. For example, mutations that led to an increase
in the lag time of bacteria were found to increase antibiotic tolerance51. Similarly, mutations can increase the
probability of persister formation in a clonal population.
These are known as high-persistence (hip) mutations
and were first described in E. coli in reference to the
hipA7 mutation52. Clinical isolates of P. aeruginosa from
lung infections in patients with cystic fibrosis are more
likely to be hip mutants if obtained later in infection
compared with isolates obtained earlier in infection53.

E. coli hip mutants have also been isolated from patients
with UTIs54. Similarly, periodic treatment of Candida
albicans with amphotericin B was found to select for hip
mutants55, which indicates that the persister phenom
enon may also be an important factor in the recalcitrance
of fungal infections. Furthermore, in E. coli and S. aureus
cells, hip mutants were found after periodic treatment
with antibiotics in vitro4,5,52. These findings suggest that
the persister phenotype may be an important first line of
defence against antibiotics before resistance is acquired.
The uptake of bacteria by host cells has been linked
to an increase in the relative number of persister cells
in a population. For example, S. Typhimurium and
M. tuberculosis both increase the formation of persisters
inside macrophages14,56. In addition, several studies have
described a link between the presence of persisters and
biofilm formation55,57–61. Concurrently, evidence is building that suggests that the ability of bacteria to reside intracellularly and the formation of biofilms are associated
with persistent infections14,16,38,62,63. P. aeruginosa forms
biofilms during lung infections in patients with cystic
fibrosis64, whereas H. pylori forms biofilms and adopts an
intracellular lifestyle during infection65,66. UPEC can form
biofilms on the bladder epithelium, as well as quiescent
intracellular reservoirs that could contribute to relapsing
infections63. Salmonella spp. can form biofilms on gallstones67 and S. Typhimurium persisters have been found
residing within macrophages in the spleens of infected
mice six days after the initial infection14. Considering the
in vitro evidence that there are high levels of persister formation in biofilms and inside host cells, combined with
the prevalence of biofilm formation and the intracellular
lifestyles of bacteria during persistent infections, the formation of persisters is probably a substantial factor in the
relapse and recalcitrance of these infections.
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a

b

*

*

30 min phagocytosis

Persisters

Log CFU ml–1

Log CFU ml–1

Resistant

Intra-macrophage

Ex-macrophage
In vitro

Susceptible

Diauxic shift
A shift in metabolism from one
carbon source to another.

Stochastic gene expression
The random (or noisy)
fluctuations in the transcription
of a particular gene.

Stringent response
A global change in gene
expression and protein
regulation following amino acid
starvation signalled by the
alarmones guanosine
tetraphosphate and guanosine
pentaphosphate (collectively
referred to as (p)ppGpp) in
bacteria and plants, directing
resources away from growth
and towards amino acid
synthesis to promote survival.

Time

Time

Tolerant

Figure 1 | Antibiotic killing kinetics of resistant, tolerant and persister cells. a | Following the addition of a
bactericidal antibiotic (red asterisk) to a homogeneous population of resistant bacteria (blue),
growth
continues.
Nature
Reviews
| Microbiology
A homogeneously tolerant bacterial population (light grey) takes longer to be killed by an antibiotic than a susceptible
population (dark grey). Within a heterogeneous population of clonal bacteria, such as that found in nature, the presence
of persisters is revealed by a classic biphasic kill curve (orange) following antibiotic treatment, with a period of rapid
killing of susceptible cells followed by a slower decrease in colony forming units (CFU), represented by the persister
fraction of cells. b | Cefotaxime survival kinetics of Salmonella spp. cells grown in Luria-Bertani (LB) medium (orange),
Salmonella spp. cells grown in LB medium after 30 min of internalization into macrophages (green) and intramacrophage Salmonella spp. cells (blue). The red asterisk indicates the addition of cefotaxime. The Salmonella spp. cells
that were cultured in LB medium (orange) were mostly cells that are susceptible to killing by antibiotics, represented by
the sharp decrease in CFU, with a small persister fraction that can be observed in the subsequent slower decrease in
CFU. After 30 min of phagocytosis by macrophages, followed by the release of the Salmonella spp. cells into LB medium
containing cefotaxime (green), the curve is similar to that of Salmonella spp. cells treated with cefotaxime in vitro, but
with a larger persister fraction. The intra-macrophage Salmonella spp. cells (blue) also have a large persister fraction, as
evidenced by the slow decrease in CFU towards the end of the curve. The tolerant slow-growing Salmonella spp. cells
have much slower killing kinetics than the highly susceptible fast-growing Salmonella spp. cells in LB medium. Part b is
adapted with permission from REF. 14, AAAS.

Mechanisms of persister biology
Persister cell formation
Several environmental cues are thought to enhance
the formation of persister cells, most of which are vari
ous sources of cellular stress, such as nutrient limitation60, diauxic shift68, extreme pH14 and DNA damage69.
Environments that are inhabited by bacteria during
infection, such as within biofilms and macrophages, have
also been shown to be associated with the formation of
persisters14,58. These complex environments are likely to
induce the formation of persisters by presenting some, or
all, of the cellular stresses described above. The intriguing nature of this phenomenon is that it only occurs in a
subset of a clonal population. Why, if an environmental

stress is placed on the entire population, does only a
subset of the population form persisters? Stochastic
gene expression across the population could contribute
to phenotypic heterogeneity 70; however, the formation
of microenvironments that cause further stress, such
as those that are low in nutrients or high in toxic compounds, could also contribute60. The centre of a biofilm
is thought to be particularly limited in nutrients, which
could explain why only part of the bacterial population
forms persisters. This is supported by the requirement
for an active stringent response for antibiotic tolerance in
biofilms71. Macrophages may also restrict nutrient availability and lower the pH to different extents in different
cells, or within different phagosomes, thus inducing the
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formation of persisters for some bacteria and not for
others. However, the exact mechanisms of how these
environmental cues induce the formation of persisters
are still a matter of debate.

Post-segregational killing
A mechanism of plasmid
maintenance that is used by
some low-copy-number
plasmids through the action
of toxin–antitoxin modules,
whereby any progeny bacterial
daughter cells produced after
division that have not received
a copy of the plasmid will be
killed through unregulated
toxin activity.

SOS response
A global change in gene
expression and protein
regulation due to the
degradation of the LexA
repressor caused by the
detection of DNA damage in
a bacterial cell by the RecA
recombinase.

Alarmones
Intracellular signalling
molecules that are produced
in response to stress.

Proton motive force
The movement of protons
down an electrochemical
gradient across a membrane
to drive ATP synthesis and
motility in bacteria.

DNA gyrase
A topoisomerase enzyme that
decreases the supercoiling of
DNA during replication and
transcription through cleaving,
rotating and re‑ligating the
DNA double-strand.

Toxin–antitoxin modules
The link between toxin–antitoxin modules and the
formation of persisters first came from a chemical
mutagenesis screen that identified a hip mutant of E. coli
that formed a greater proportion of persister cells than
the wild-type strain52. The mutation was mapped to the
gene hipA, which belongs to a toxin–antitoxin module.
Around the same time, toxin–antitoxin modules on
plasmids were being studied owing to their role in plasmid stability and post-segregational killing72,73. It was later
realized that many of these toxin–antitoxin modules
are also encoded on bacterial chromosomes, and may
be involved in inhibiting metabolic processes and redu
cing growth in response to stress74,75. Toxin–antitoxin
modules encode a stable toxin that may inhibit any one
of a diverse set of metabolic processes and an antitoxin
that neutralizes the activity of the toxin when the cell is
not under stress. When stressed, the cell may degrade
the antitoxin, enabling the toxin to inhibit the activity
of its target 76. Mathematical modelling of the regulation of toxin–antitoxin modules suggests that a bistable
state of expression is possible within a clonal population
of cells, one that results in the production of many free
toxin proteins and another that results in the few toxin
proteins that are produced being tightly bound and neutralized by antitoxins77,78. This bistability explains how
it is possible for a clonal population of cells to contain
both growing and growth-arrested cells. Currently, six
different types of toxin–antitoxin module have been
described, which are categorized by the various mechan
isms of neutralization that are used by the antitoxin79.
The best described types, type I and type II, are implicated in the formation of persisters14,69,80–83, although this
does not exclude the possibility of the other types also
being involved. In E. coli, the SOS response was found
to induce the expression of the type I pore-forming
toxin gene tisB, thus increasing the formation of persisters in the population69. The alarmones guanosine
tetraphosphate and guanosine pentaphosphate (collectively referred to as (p)ppGpp) have been linked to the
activation of type II and type I toxin–antitoxin modules through signalling cascades that involve Lon protease and the GTPase ObgE respectively, leading to an
increase in the formation of persisters60,83. Both of these
proteins have central roles in bacterial metabolism; Lon
protease is involved in the degradation of many cellular
proteins84, whereas ObgE regulates protein translation
and DNA metabolism85. This discovery suggests an overlap between the regulation of type II and type I toxin–
antitoxin modules with central metabolism in bacteria.
However, some studies suggest that the role of Lon protease in the formation of persisters in E. coli is unclear.
The deletion of lon in E. coli was shown to have no effect
on persister levels that were isolated by treatment with
β‑lactam or aminoglycoside classes of antibiotic86,87. The
deletion of lon did decrease the number of persisters that

were isolated by fluoroquinolones; however, the additional deletion of sulA, which encodes a cell division
inhibitor that is induced by the SOS response, restored
persister formation to wild-type levels86. As SulA is a
substrate of Lon protease88, the apparent decrease in the
number of persisters could be due to unregulated SulA
activity inhibiting regrowth after DNA damage, rather
than a lack of antitoxin degradation.
Various activities have been described for the toxins
currently characterized (FIG. 2). These include inhibiting
cellular processes such as translation89–95, DNA metabo
lism96–98 and decreasing the proton motive force that is
generated by the electron transport chain69,83. Toxins
that inhibit protein synthesis seem to be the most widespread, with many targeting RNA, including mRNases
(such as RelE90–92), tRNases (such as VapC93,94) and
tRNA-acetylating toxins (such as TacT99). There are also
several kinases, such as HipA and Doc, that phosphorylate GltX and elongation factor Tu (EF‑Tu), respectively,
to inhibit their activity 89,95. Pore-forming toxins, such as
TisB and HokB, have been shown to reduce the proton
motive force across the bacterial membrane and, consequently, decrease the rate of ATP synthesis in the cell69,83.
Filamentation induced by cyclic AMP (Fic) toxins produced by Bartonella schoenbuchensis, Yersinia enterocolitica and P. aeruginosa were recently found to block the
activity of topoisomerase IV (TopoIV) and DNA gyrase,
leading to knotting and concatenation of the bacterial
chromosome, which resulted in growth arrest98.
There have been several studies that have linked
toxin–antitoxin modules to the formation of persisters.
First, transcriptomics carried out on E. coli fractions that
were enriched for persister cells showed that the expression of toxin–antitoxin modules was upregulated in these
subpopulations of bacteria when compared with growing
bacteria80,81. Furthermore, it was shown that the deletion
of five or more type II toxin–antitoxin modules in E. coli
led to a decrease in the formation of persisters during
exponential growth in rich media82. Correspondingly,
the overexpression of toxins in bacterial cells was shown
to inhibit cell growth and promote an antibiotic-tolerant
state that could be countered by the overexpression of
cognate antitoxins80,99–102. In E. coli, the toxin HipA is a
serine/threonine kinase that phosphorylates and inhibits
the activity of GltX, the glutamyl-tRNA synthetase89,103,
thus decreasing the amount of glutamyl-tRNA in the
cell. The shortage of glutamyl-tRNA in the cell triggers
an increase in (p)ppGpp that leads to the activation of
more toxin–antitoxin modules, which is required for
the HipA-induced persister phenotype104. Type II toxin–
antitoxin modules were also found to be upregulated during macrophage infection by S. Typhimurium14, and the
deletion of single toxin–antitoxin modules was shown to
lead to a significant decrease in the levels of macrophage-
induced persister formation. This may be due to a more
stressful environment found within host macrophages
than in nutrient-rich media, thus providing a greater
trigger for the activation of toxin–antitoxin modules.
Most of the studies of the mechanisms of persister
formation have been carried out in E. coli, which is a
Gram-negative bacterium, and therefore much less is
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Trans-translation
A quality control mechanism in
protein synthesis that uses
transfer-messenger RNA
(tmRNA) to rescue a ribosome
that has stalled during
translation.

Isoniazid
An antibiotic that is commonly
used for the treatment of
tuberculosis. Isoniazid is a
pro-drug that is converted into
its active form by the catalase
enzyme KatG inside bacterial
cells, it is then able to inhibit
the cytochrome P450 system,
leading to the production of
lethal free radicals.

known about how Gram-positive persisters are formed.
There is currently little evidence that toxin–antitoxin
modules are involved in the formation of persisters in
Gram-positive bacteria. Deletion of the toxin–antitoxin
modules in S. aureus did not affect persister levels105.
However, overexpression of the toxin mazFSA did induce
growth arrest in S. aureus, whereas co-expression of the
entire mazEFSA module did not affect growth106. This
suggests that toxin–antitoxin modules in Gram-positive
bacteria may function in a similar manner to those in
Gram-negative bacteria and are probably involved
in stress responses107. However, they are perhaps not
required for antibiotic tolerance.
The model that describes how the activation of toxin–
antitoxin modules through (p)ppGpp alarmone signalling leads to persister formation is an attractive one;
however, there is evidence that toxin–antitoxin modules
are not the only factors that contribute to the formation
of persisters (FIG. 2). The deletion of multiple toxin–
antitoxin modules, or the absence of (p)ppGpp, leads to
a decreased number of persisters, but neither fully abrogates the presence of persister cells60,82,108. It is possible
that there is heterogeneity within the persister population, with several different pathways contributing to the
formation of persister cells. A screen of E. coli single-gene
deletion mutants from the Keio collection — a collection
of deletion mutants in E. coli that covers all nonessential genes109 — did not find any single-gene deletions
that could prevent the formation of persisters entirely;
however, the screen identified several global regulators
that are important for the phenomenon110. An alternative model proposes that metabolic regulation is the main
driver of persister formation and that toxin–antitoxin
modules are only accessory to this control by locking the
growth arrest 13,111. One study recently proposed this was
the case for ampicillin-tolerant bacteria that are formed
through a diauxic shift between the carbon sources glucose and fumarate112. In addition, two different pathways,
both of which involve trans-translation and the stringent
response, have been described as important for the tolerance of persisters formed in response to a diauxic shift
and isolated by either β‑lactams or fluoroquinolones113.
However, exactly how these pathways lead to tolerance
is currently unknown. Two studies recently described,
using either β‑lactams or fluoroquinolones, that the formation of persisters in E. coli and S. aureus is associated
with a decrease in ATP levels105,114, without an obvious
dependency on toxin–antitoxin modules. Further investigation is required to determine the exact roles of central metabolism and toxin–antitoxin modules in the
formation of persisters.

Phenotypic resistance mechanisms
Phenotypic resistance (BOX 1) enables a subpopulation
of bacteria to grow in the presence of a drug, owing to a
non-heritable change that enables the degradation, cellular export or chemical modification of an antibiotic,
or, alternatively, the modification or downregulation of
a drug target. This is in contrast to persister cells, which
become tolerant to antibiotics through target inactivity as
a consequence of a decrease in growth and metabolism,

or through reduced drug uptake. An example of pheno
typic resistance is that of the survival and growth of a
subpopulation of M. tuberculosis during zebrafish infection that was found to be dependent on efflux pump
activity 11. A recent study also described increased levels
of the efflux pump component TolC in a proportion of
an E. coli population that survived killing after treatment
with a β‑lactam antibiotic. The deletion of tolC led to
a decrease in survival levels115. Another example of
phenotypic resistance was described in M. tuberculosis,
whereby a small proportion of M. tuberculosis cells were
found to escape killing by isoniazid and grow in the presence of the drug. Isoniazid is a pro-drug that has to be
converted into its active form12 by the bacterial enzyme
R
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Figure 2 | Mechanisms of persister formation. Toxin–
Nature Reviews | Microbiology
antitoxin-mediated mechanisms of persister formation
include the inhibition of protein synthesis, DNA metabolism
and proton motive force. Protein synthesis is inhibited by
various toxins through the phosphorylation of elongation
factor Tu (EF‑Tu) by Doc95, the acetylation of aminoacyltRNA by TacT99, the phosphorylation of GltX by HipA89, and
the cleavage of mRNA by RelE90 or tRNA by VapC93. The
activity of DNA gyrase and topoisomerase IV (TopoIV) is
inhibited by Fic98 through adenylylation, and pore-forming
toxins, such as TisB, are able to reduce the proton motive
force of the bacterial cell138.
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Box 3 | Current methods for eradicating persisters
Persisters escape killing by antibiotics owing to lower metabolic flux, target inactivity, and
low uptake or high efflux of antibiotics. Using antibiotics that do not require a
metabolically active target to kill bacteria is one strategy that is being investigated.
Several small molecules and antimicrobial peptides (AMPs) have been described that
target the bacterial cell membrane to kill persisters139–142. The acyldepsipeptide ADEP4
was found to activate the ClpP protease in Staphylococcus aureus persister cells, thus
leading to the deregulated degradation of many proteins, resulting in cell death61.
Another strategy that is being used to kill persisters is re‑sensitizing persisters to
traditional antibiotics by forcing them to reinitiate growth or increase their metabolic
activity. Saccharides have been used to increase the proton motive force in
Escherichia coli and S. aureus persisters, thus increasing the uptake of aminoglycoside
antibiotics123. In addition, brominated furonones have been shown to sensitize
Pseudomonas aeruginosa persisters to antibiotic treatment, although the mechanisms
that underlie this observation are currently unknown124. Chemical modification of
antibiotics is also producing promising anti-persister candidates. Pentobra is a tobramycin
molecule that has been peptidylated to aid entry into bacteria, in which it inhibits
translation143. An antibody–antibiotic conjugate was designed to target S. aureus, thus
opsonizing extracellular bacteria and promoting phagocytosis. The conjugated drug is
only active and kills bacteria inside the phagolysosome. This treatment was used to
prevent the cell‑to‑cell transfer of bacteria during infection144. Bacteriophage endolysins
are able to lyse Gram-positive bacteria and have been fused with outer membrane-destabilizing peptides to promote the efficient killing of Gram-negative persisters145,146.
The increase in the number of anti-persister treatments is encouraging; however, there
is little translation from the laboratory to the clinical setting. This is because of the large
investment of time and money that is required for drug development. Moreover, toxicity
to the host often prevents a new antibiotic from being used in patients in the clinic. A
greater focus on using cell culture and in vivo models in the laboratory to test new
anti-persister molecules will increase the likelihood of identifying non-toxic drugs that
are more attractive candidates for development.

Antimicrobial peptides
(AMPs). Small peptides
synthesized by plants and
animals that have antimicrobial
properties and often target the
bacterial membrane.

PhoPQ two-component
system
Two-component systems
comprise a sensor and a
regulator that are able to
detect environmental changes
and mediate transcriptional
changes in response. The
PhoPQ system regulates the
glycerophospholipid and
protein content of the outer
membrane in response to pH.

Conditional cooperativity
The autoregulation of certain
toxin–antitoxin modules,
whereby the antitoxin and
toxin are able to form a
complex only at a certain
stoichiometric ratio, which
can then effectively repress
transcription of the module.

known to inhibit the expression of Agr 119, which could
give rise to phenotypic resistance to daptomycin during
infection. Many of these examples act as a reminder that
antibiotic treatment failure may be due to specific interactions between the drug, pathogen and host, and may
be difficult to understand using in vitro testing alone.

Regrowth of persisters
Molecular mechanisms of regrowth. How growth-
arrested persisters are able to switch back to a growing
state remains an important unanswered question in persister biology. Understanding the mechanisms behind
this process is of substantial importance because reinitiating growth — and thereby increasing drug susceptibility
— may be an effective method of killing persisters when
combined with antibiotics (BOX 3). Persisters have been
observed either regrowing all together 112 or spontan
eously 51 as soon as an external stress is removed112. These
differences in patterns of regrowth are due to the type of
persister that is being studied under specific experimental conditions and the levels of heterogeneity within the
persister subpopulation.
It is known that the activation of toxin–antitoxin
modules can lead to the formation of persisters in
Gram-negative bacteria; however, how this activation
can be reversed remains unknown (FIG. 3). Several type II
toxin–antitoxin modules have been shown to auto
regulate their expression as a consequence of c onditional
cooperativity 79, which enables the repression of the
toxin–antitoxin operon when toxin:antitoxin ratios are
KatG before it can kill the cell. Some bacterial cells were low and derepression when free toxin levels are high120.
shown to express lower levels of KatG than the rest of Presumably, if antitoxin degradation stops, perhaps
the population. Thus, the levels of the active form of the when a stress signal is reduced, then the toxin:antitoxin
antibiotic are decreased owing to the downregulation of ratio may return to a level that enables repression of the
a specific enzyme, which is indicative of an antibiotic operon. Proteolytic degradation of the toxin could also
resistance mechanism. Furthermore, a subpopulation of occur. Moreover, as the antitoxin gene is typically found
Enterobacter cloacae that is phenotypically resistant to upstream of the toxin gene, it is possible that abortive
the antibiotic colistin was recently reported116. Colistin transcription may also be involved in the determination
resistance was dependent on PhoQ — the sensor in the of toxin:antitoxin ratios. It is unclear exactly how the
PhoPQ two-component system. Interestingly, the proporcellular pool of antitoxin is replenished when the toxin
tion of the population that showed resistance to the drug inhibits translation; however, mathematical modelling of
increased within macrophages. The study described one conditional cooperativity has predicted this to be possiparticular strain of E. cloacae that formed an antibiotic- ble78, given that a small amount of translation is allowed
resistant subpopulation that was determined to be sus- to continue. However, experimental evidence that
ceptible to the antibiotic in laboratory tests commonly demonstrates a transition from derepression to represused in the clinic, whereas the treatment of an infec- sion is currently lacking. It is important to consider that
tion caused by this strain in vivo would probably fail some toxin–antitoxin modules are not regulated through
because the resistant subpopulation of bacteria would conditional cooperativity and therefore other regulatory
survive and grow. This highlights the need for routine mechanisms must exist in these cases79.
clinical tests that take into account phenotypic heteroThe repression of toxin expression might be insuffigeneity when testing for antibiotic resistance. A further cient to enable bacteria to return to a growing state, and
example of phenotypic resistance was recently described in some cases detoxification might also be required to
in S. aureus 117, in which a novel daptomycin resistance reverse the effects of the toxin121. The toxins CcdB and
mechanism was found whereby S. aureus produces lipids ParE preferentially bind to their cognate antitoxins over
that sequester the antibiotic. However, the secretion of their target (DNA gyrase)96,97, thus titrating out any active
toxins known as phenol-soluble modulins, which are toxin. The toxicity that is induced by RelE and MazF is
under the control of the accessory gene regulator (Agr) reversed by transfer-messenger RNA (tmRNA), which resquorum sensing system118, interferes with this resist- cues ribosomes after stalling on mRNA cleaved by the
ance mechanism, thus maintaining bacterial suscep- toxins91,122. However, many toxins inhibit their targets
tibility to the drug. Interestingly, host signals, such as through the addition of post-translational modificaapolipoprotein B (APOB), found in human serum are tions. It was recently shown that TacT in S. Typhimurium
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blocks translation through the acetylation of amino
acylated tRNA molecules99, thus inhibiting growth.
However, this inhibition can be overcome by over
expressing Pth, which is a peptidyl tRNA hydrolase that
is reported to cleave peptide chains off tRNA molecules
after ribosome stalling 114,115. Pth is able to recognize and
cleave acetylated amino acids from tRNA molecules that
have been modified by TacT, which enables the recycling
of tRNA. Experimental evidence is currently lacking
for other detoxification mechanisms; nevertheless, it is
possible to speculate as to what these mechanisms might
involve on the basis of the activity of the toxin. Toxins
that add post-translational modifications to their targets
may have their modifications removed by other cellular
enzymes. For example, the dephosphorylation of EF‑Tu
and GltX could reverse the toxicity of Doc and HipA,
respectively, and the deampylation of TopoIV and DNA
gyrase could reverse Fic toxicity.

Transfer-messenger RNA
(tmRNA). A specialized form of
RNA that mimics a tRNA with
an mRNA-like coding element
that is used during transtranslation to continue stalled
protein synthesis and target
the resultant aberrant protein
for degradation.

Deampylation
The removal of an adenylyl
group.

Environmental restriction of growth. The possible mechanisms that enable persister regrowth that are described
above are internal factors; however, bacteria also require
an unrestrictive environment to grow. External factors
that determine regrowth could include chemical cues,
relief of physical stresses or the presence of an essential
nutrient (FIG. 3). Small molecules have been shown to
stimulate metabolism in E. coli and P. aeruginosa persisters123,124 (BOX 3); however, as they do not fully restore
the ability to proliferate, it is hypothesized that there are
unknown factors that prevent regrowth. Determining the
underlying mechanism of action of these molecules and
the cellular factors that are responsible for this growth
block could reveal important insights into persister biology. In the case of host immune responses, it has been
known for a long time that suppression of the immune
system can lead to the relapse of latent infections125.
If IFNγ‑mediated immune responses are downregulated
in epithelial cells, then intracellular Chlamydia trachomatis persisters are able to resume growth126. This is due to the
relief of the restriction that is imposed on bacterial growth
by innate defences and nutrient limitation when inside
activated immune cells. This is particularly important
for individuals who are immunosuppressed. In addition,
persisters can regrow after infecting a different host cell14.
Theoretically, host cells that contain persisters in vivo will
eventually die and release these bacterial cells. After the
downregulation of an IFNγ‑mediated immune response,
a newly acquired host cell may be more permissive to bacterial growth. If immune responses are a major factor for
blocking the regrowth of persisters, it may be possible to
induce bacterial regrowth, and thus re‑sensitize persisters
to drugs by modulating host immunity. However, as this
could involve suppressing the immune system, it may not
be an option for some patients.
State of regrowers. What condition will persister cells
be in once regrowth has initiated? It was suggested
that because the persister state is strongly linked to the
stress response, regrowing persisters may be primed for
mutation and adaptation6. It is possible that regrowing persisters express higher levels of proteins that are

Internal factors

External factors
OH

Conditional
cooperativity

Ac

Detoxiﬁcation
of targets

HO
HO

O
OH
OH

Glucose as a
carbon source
Reduction in
environmental
stress
Change in host
environment

Figure 3 | Mechanisms of persister regrowth. Internal and
Nature
| Microbiology
external factors determine the
abilityReviews
of persisters
to
regrow. Internal factors include the repression of toxin–
antitoxin modules that are regulated through conditional
cooperativity by lowering toxin:antitoxin ratios78. Posttranslational modifications (PTMs) that were added to
cellular substrates by toxins will have to be removed to
recycle cellular components, as is the case for TacT and
Pth99. External factors include the addition of a previously
limited nutrient, such as glucose112, or the reduction or
removal of a limiting environmental stress. A change in host
cell has been shown to enable regrowth14.

involved in DNA repair, such as error-prone polymerases, as these are associated with the SOS and stress
responses127,128. The expression of error-prone polymerases could increase the rate of mutation during replication, thus theoretically increasing the probability of
the emergence of antibiotic resistance during persistent
infections, particularly if low levels of the drug are still
present in the host. The SOS response, which has been
shown to induce the formation of persisters69,129, is also
known to upregulate mechanisms of horizontal gene
transfer, such as conjugation and phage activation130.
This could promote the spread of antibiotic resistance
following persister regrowth. One recent study showed
that DNA repair mechanisms and the SOS response are
important for persister regrowth after treatment with
ofloxacin131; however, whether these responses are a
general feature of persisters isolated with other classes
of antibiotic that do not target DNA specifically remains
unknown. Combining evolution experiments with the
close monitoring of antibiotic tolerance and resistance
in populations of E. coli found that mutations that confer resistance to ampicillin after sequential treatments
were preceded by mutations that confer an increase in
antibiotic tolerance. This suggests that tolerant bacteria
and persister cells are an important bacterial reservoir
for the emergence of antibiotic resistance7.
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Conclusions
Persistent infections cause high levels of morbidity and
mortality globally. Persisters are transiently antibiotic-
tolerant cells that are thought to be ubiquitous among
bacteria and have been linked to the relapse and recalcitrance of persistent bacterial infections, and probably aid the spread of antibiotic resistance. Owing to
an increase in the number of immunocompromised
patients and the spread of antibiotic resistance, these
1.
2.
3.

4.

5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

18.

19.
20.

21.

22.

23.

Helaine, S. & Kugelberg, E. Bacterial persisters:
formation, eradication, and experimental systems.
Trends Microbiol. 22, 417–424 (2014).
Harms, A., Maisonneuve, E. & Gerdes, K. Mechanisms
of bacterial persistence during stress and antibiotic
exposure. Science 354, aaf4268 (2016).
Michiels, J. E., Van den Bergh, B., Verstraeten, N.
& Michiels, J. Molecular mechanisms and clinical
implications of bacterial persistence. Drug Resist.
Updat. 29, 76–89 (2017).
Mechler, L. et al. A novel point mutation promotes
growth phase-dependent daptomycin tolerance in
Staphylococcus aureus. Antimicrob. Agents
Chemother. 59, 5366–5376 (2015).
Van den Bergh, B. et al. Frequency of antibiotic
application drives rapid evolutionary adaptation of
Escherichia coli persistence. Nat. Microbiol. 1, 16020
(2016).
Cohen, N. R., Lobritz, M. A. & Collins, J. J. Microbial
persistence and the road to drug resistance. Cell Host
Microbe 13, 632–642 (2013).
Levin-Reisman, I. et al. Antibiotic tolerance facilitates
the evolution of resistance. Science 355, 826–830
(2017).
Hobby, G. L., Meyer, K. & Chaffee, E. Observations on
the mechanism of action of penicillin. Exp. Biol. Med.
50, 281–285 (1942).
Bigger, J. W. Treatment of staphylococcal infections
with penicillin by intermittant sterilisation. Lancet
244, 497–500 (1944).
Balaban, N. Q., Merrin, J., Chait, R., Kowalik, L. &
Leibler, S. Bacterial persistence as a phenotypic
switch. Science 305, 1622–1625 (2004).
Adams, K. N. et al. Drug tolerance in replicating
mycobacteria mediated by a macrophage-induced
efflux mechanism. Cell 145, 39–53 (2011).
Wakamoto, Y. et al. Dynamic persistence of
antibiotic-stressed mycobacteria. Science 339,
91–95 (2013).
Amato, S. et al. The role of metabolism in bacterial
persistence. Front. Microbiol. 5, 70 (2014).
Helaine, S. et al. Internalization of Salmonella by
macrophages induces formation of nonreplicating
persisters. Science 343, 204–208 (2014).
Rhen, M., Eriksson, S., Clements, M., Bergström, S.
& Normark, S. J. The basis of persistent bacterial
infections. Trends Microbiol. 11, 80–86 (2003).
Grant, S. S. & Hung, D. T. Persistent bacterial
infections, antibiotic tolerance, and the oxidative
stress response. Virulence 4, 273–283 (2013).
Levine, M. M., Black, R. E. & Lanata, C. Precise
estimation of the numbers of chronic carriers of
Salmonella Typhi in Santiago, Chile, an endemic area.
J. Infect. Dis. 146, 724–726 (1982).
Caygill, C. P. J., Hill, M. J., Braddick, M. &
Sharp, J. C. M. Cancer mortality in chronic typhoid
and paratyphoid carriers. Lancet 343, 83–84
(1994).
Bhan, M. K., Bahl, R. & Bhatnagar, S. Typhoid and
paratyphoid fever. Lancet 366, 749–762 (2005).
Nomura, A., Stemmermann, G. N., Chyou, P.‑H.,
Perez-Perez, G. I. & Blaser, M. J. Helicobacter pylori
infection and the risk for duodenal and gastric
ulceration. Ann. Intern. Med. 120, 977–981 (1994).
Wotherspoon, A. C., Ortiz-Hidalgo, C., Falzon, M. R. &
Isaacson, P. G. Helicobacter pylori-associated gastritis
and primary B‑cell gastric lymphoma. Lancet 338,
1175–1176 (1991).
Eslick, G. D., Lim, L. L.‑Y., Byles, J. E., Xia, H. H.‑X.
& Talley, N. J. Association of Helicobacter pylori
infection with gastric carcinoma: a meta-analysis.
Am. J. Gastroenterol. 94, 2373–2379 (1999).
Gomez, J. E. & McKinney, J. D. M. tuberculosis
persistence, latency, and drug tolerance. Tuberculosis
84, 29–44 (2004).

recurrent and recalcitrant infections are likely to become
more prevalent in the future. The persister phenom
enon is also associated with fungal infections55 and even
the treatment of malignant tumours, in which some
growth-arrested tumour cells are tolerant to anticancer
drugs132. A greater understanding of the internal and
environmental factors that lead to the formation of persisters and their regrowth will enable the development of
improved treatments for persistent infections.

24. Gotuzzo, E. et al. Association between specific plasmids
and relapse in typhoid fever. J. Clin. Microbiol. 25,
1779–1781 (1987).
25. Foxman, B. Recurring urinary tract infection: incidence
and risk factors. Am. J. Public Health 80, 331–333
(1990).
26. Österlund, A., Popa, R., Nikkilä, T., Scheynius, A. &
Engstrand, L. Intracellular reservoir of Streptococcus
pyogenes in vivo: a possible explanation for recurrent
pharyngotonsillitis. Laryngoscope 107, 640–647
(1997).
27. Bryers, J. D. Medical biofilms. Biotechnol. Bioeng.
100, 1–18 (2008).
28. Lyczak, J. B., Cannon, C. L. & Pier, G. B. Lung infections
associated with cystic fibrosis. Clin. Microbiol. Rev. 15,
194–222 (2002).
29. Jernberg, C., Löfmark, S., Edlund, C. & Jansson, J. K.
Long-term impacts of antibiotic exposure on the
human intestinal microbiota. Microbiology 156,
3216–3223 (2010).
30. Norris, S. J. Antigenic variation with a twist — the
Borrelia story. Mol. Microbiol. 60, 1319–1322
(2006).
31. Redpath, S., Ghazal, P. & Gascoigne, N. R. J. Hijacking
and exploitation of IL‑10 by intracellular pathogens.
Trends Microbiol. 9, 86–92 (2001).
32. Scott, C. C., Botelho, R. J. & Grinstein, S. Phagosome
maturation: a few bugs in the system. J. Membr. Biol.
193, 137–152 (2003).
33. Bayer-Santos, E. et al. The Salmonella effector SteD
mediates MARCH8‑dependent ubiquitination of MHC
II molecules and inhibits T cell activation. Cell Host
Microbe 20, 584–595 (2016).
34. Reddick, L. E. & Alto, N. M. Bacteria fighting back —
how pathogens target and subvert the host innate
immune system. Mol. Cell 54, 321–328 (2014).
35. Stewart, P. S. Mechanisms of antibiotic resistance in
bacterial biofilms. Int. J. Med. Microbiol. 292,
107–113 (2002).
36. Monack, D. M., Mueller, A. & Falkow, S. Persistent
bacterial infections: the interface of the pathogen
and the host immune system. Nat. Rev. Microbiol. 2,
747–765 (2004).
37. Salama, N. R., Hartung, M. L. & Muller, A. Life in
the human stomach: persistence strategies of the
bacterial pathogen Helicobacter pylori. Nat. Rev.
Microbiol. 11, 385–399 (2013).
38. Costerton, J. W., Stewart, P. S. & Greenberg, E. P.
Bacterial biofilms: a common cause of persistent
infections. Science 284, 1318–1322 (1999).
39. Jesaitis, A. J. et al. Compromised host defense on
Pseudomonas aeruginosa biofilms: characterization of
neutrophil and biofilm interactions. J. Immunol. 171,
4329–4339 (2003).
40. Domenech, M., Ramos-Sevillano, E., García, E.,
Moscoso, M. & Yuste, J. Biofilm formation avoids
complement immunity and phagocytosis of
Streptococcus pneumoniae. Infect. Immun. 81,
2606–2615 (2013).
41. Lawn, S. D., Butera, S. T. & Shinnick, T. M.
Tuberculosis unleashed: the impact of human
immunodeficiency virus infection on the host
granulomatous response to Mycobacterium
tuberculosis. Microbes Infect. 4, 635–646 (2002).
42. Kardas, P. Patient compliance with antibiotic
treatment for respiratory tract infections.
J. Antimicrob. Chemother. 49, 897–903 (2002).
43. Gonçalves-Pereira, J. & Póvoa, P. Antibiotics in
critically ill patients: a systematic review of the
pharmacokinetics of β‑lactams. Crit. Care 15, R206
(2011).
44. Blair, J. M. A., Webber, M. A., Baylay, A. J.,
Ogbolu, D. O. & Piddock, L. J. V. Molecular
mechanisms of antibiotic resistance. Nat. Rev.
Microbiol. 13, 42–51 (2015).

45. Brauner, A., Fridman, O., Gefen, O. & Balaban, N. Q.
Distinguishing between resistance, tolerance and
persistence to antibiotic treatment. Nat. Rev. Microbiol.
14, 320–330 (2016).
This article explains the differences between
antibiotic resistance, tolerance and persistence,
and proposes a quantitative indicator of tolerance
(the minimum duration for killing (MDK)) for use in
the clinic.
46. Lewis, K. Persister cells. Annu. Rev. Microbiol. 64,
357–372 (2010).
47. Claudi, B. et al. Phenotypic variation of Salmonella
in host tissues delays eradication by antimicrobial
chemotherapy. Cell 158, 722–733 (2014).
48. Okoro, C. K. et al. High-resolution single nucleotide
polymorphism analysis distinguishes recrudescence
and reinfection in recurrent invasive nontyphoidal
Salmonella typhimurium disease. Clin. Infect. Dis. 54,
955–963 (2012).
49. Russo, T. A., Stapleton, A., Wenderoth, S.,
Hooton, T. M. & Stamm, W. E. Chromosomal
restriction fragment length polymorphism analysis
of Escherichia coli strains causing recurrent urinary
tract infections in young women. J. Infect. Dis. 172,
440–445 (1995).
50. Bingen, E. et al. DNA restriction fragment length
polymorphism differentiates recurrence from relapse
in treatment failures of Streptococcus pyogenes
pharyngitis. J. Med. Microbiol. 37, 162–164
(1992).
51. Fridman, O., Goldberg, A., Ronin, I., Shoresh, N. &
Balaban, N. Q. Optimization of lag time underlies
antibiotic tolerance in evolved bacterial populations.
Nature 513, 418–421 (2014).
This evolutionary study uses the recently developed
ScanLag technique to monitor bacterial regrowth
after repeated antibiotic treatments and uncovers
the importance of lag in the tolerance of bacterial
populations.
52. Moyed, H. S. & Bertrand, K. P. hipA, a newly
recognized gene of Escherichia coli K-12 that affects
frequency of persistence after inhibition of murein
synthesis. J. Bacteriol. 155, 768–775 (1983).
53. Mulcahy, L. R., Burns, J. L., Lory, S. & Lewis, K.
Emergence of Pseudomonas aeruginosa strains
producing high levels of persister cells in patients
with cystic fibrosis. J. Bacteriol. 192, 6191–6199
(2010).
This study uncovers a strong link between the
formation of persisters and persistent bacterial
infections.
54. Schumacher, M. A. et al. HipBA–promoter structures
reveal the basis of heritable multidrug tolerance.
Nature 524, 59–64 (2015).
This study identifies how a mutation that was found
in an E. coli UTI clinical isolate affects dimerization
of the toxin HipA and, consequently, disrupts
toxin–antitoxin–promoter interactions, which leads
to an increase in toxicity and antibiotic tolerance.
55. LaFleur, M. D., Qi, Q. & Lewis, K. Patients with longterm oral carriage harbor high-persister mutants of
Candida albicans. Antimicrob. Agents Chemother. 54,
39–44 (2010).
56. Mouton, J. M., Helaine, S., Holden, D. W. &
Sampson, S. L. Elucidating population-wide
mycobacterial replication dynamics at the single-cell
level. Microbiology 162, 966–978 (2016).
57. Brooun, A., Liu, S. & Lewis, K. A. Dose–response
study of antibiotic resistance in Pseudomonas
aeruginosa biofilms. Antimicrob. Agents Chemother.
44, 640–646 (2000).
58. Spoering, A. L. & Lewis, K. Biofilms and planktonic
cells of Pseudomonas aeruginosa have similar
resistance to killing by antimicrobials. J. Bacteriol.
183, 6746–6751 (2001).

10 | ADVANCE ONLINE PUBLICATION

www.nature.com/nrmicro
.
d
e
v
r
e
s
e
r
s
t
h
g
i
r
l
l
A
.
e
r
u
t
a
N
r
e
g
n
i
r
p
S
f
o
t
r
a
p
,
d
e
t
i
m
i
L
s
r
e
h
s
i
l
b
u
P
n
a
l
l
i
m
c
a
M
7
1
0
2
©

REVIEWS
59. Keren, I., Kaldalu, N., Spoering, A., Wang, Y. &
Lewis, K. Persister cells and tolerance to
antimicrobials. FEMS Microbiol. Lett. 230, 13–18
(2004).
60. Maisonneuve, E., Castro-Camargo, M. & Gerdes, K. (p)
ppGpp controls bacterial persistence by stochastic
induction of toxin–antitoxin activity. Cell 154,
1140–1150 (2013).
This study identifies a signalling pathway for the
activation of toxin–antitoxin modules, leading to
the formation of persisters.
61. Conlon, B. P. et al. Activated ClpP kills persisters and
eradicates a chronic biofilm infection. Nature 503,
365–370 (2013).
This study uses ADEP4 as a treatment to eradicate
a chronic biofilm infection, which represents a
great advance in the development of anti-persister
therapies.
62. Burmølle, M. et al. Biofilms in chronic infections —
a matter of opportunity — monospecies biofilms in
multispecies infections. FEMS Immunol. Med.
Microbiol. 59, 324–336 (2010).
63. Hunstad, D. A. & Justice, S. S. Intracellular lifestyles
and immune evasion strategies of uropathogenic
Escherichia coli. Annu. Rev. Microbiol. 64, 203–221
(2010).
64. Davies, J. C. Pseudomonas aeruginosa in cystic
fibrosis: pathogenesis and persistence. Paediatr.
Respir. Rev. 3, 128–134 (2002).
65. Oh, J. D., Karam, S. M. & Gordon, J. I. Intracellular
Helicobacter pylori in gastric epithelial progenitors.
Proc. Natl Acad. Sci. USA 102, 5186–5191 (2005).
66. Cammarota, G., Sanguinetti, M., Gallo, A. &
Posteraro, B. Review article: biofilm formation by
Helicobacter pylori as a target for eradication of
resistant infection. Aliment. Pharmacol. Ther. 36,
222–230 (2012).
67. Prouty, A. M., Schwesinger, W. H. & Gunn, J. S.
Biofilm formation and interaction with the surfaces
of gallstones by Salmonella spp. Infect. Immun. 70,
2640–2649 (2002).
68. Amato, S. M., Orman, M. A. & Brynildsen, M. P.
Metabolic control of persister formation in Escherichia
coli. Mol. Cell 50, 475–487 (2013).
69. Dörr, T., Vulic´, M. & Lewis, K. Ciprofloxacin causes
persister formation by inducing the TisB toxin in
Escherichia coli. PLoS Biol. 8, e1000317 (2010).
70. Fasani, R. A. & Savageau, M. A. Molecular
mechanisms of multiple toxin–antitoxin systems are
coordinated to govern the persister phenotype.
Proc. Natl Acad. Sci. USA 110, E2528–E2537 (2013).
71. Nguyen, D. et al. Active starvation responses mediate
antibiotic tolerance in biofilms and nutrient-limited
bacteria. Science 334, 982–986 (2011).
72. Ogura, T. & Hiraga, S. Mini‑F plasmid genes that
couple host cell division to plasmid proliferation.
Proc. Natl Acad. Sci. USA 80, 4784–4788 (1983).
73. Gerdes, K., Rasmussen, P. B. & Molin, S. Unique type
of plasmid maintenance function: postsegregational
killing of plasmid-free cells. Proc. Natl Acad. Sci. USA
83, 3116–3120 (1986).
74. Pandey, D. P. & Gerdes, K. Toxin–antitoxin loci are
highly abundant in free-living but lost from hostassociated prokaryotes. Nucleic Acids Res. 33,
966–976 (2005).
75. Gerdes, K., Christensen, S. K. & Lobner-Olesen, A.
Prokaryotic toxin–antitoxin stress response loci.
Nat. Rev. Microbiol. 3, 371–382 (2005).
76. Yamaguchi, Y. & Inouye, M. Regulation of growth and
death in Escherichia coli by toxin–antitoxin systems.
Nat. Rev. Microbiol. 9, 779–790 (2011).
77. Rotem, E. et al. Regulation of phenotypic variability
by a threshold-based mechanism underlies bacterial
persistence. Proc. Natl Acad. Sci. USA 107,
12541–12546 (2010).
78. Cataudella, I., Trusina, A., Sneppen, K., Gerdes, K.
& Mitarai, N. Conditional cooperativity in toxin–
antitoxin regulation prevents random toxin activation
and promotes fast translational recovery.
Nucleic Acids Res. 40, 6424–6434 (2012).
79. Page, R. & Peti, W. Toxin–antitoxin systems in bacterial
growth arrest and persistence. Nat. Chem. Biol. 12,
208–214 (2016).
A comprehensive review of toxin–antitoxin systems
in the context of persister formation.
80. Keren, I., Shah, D., Spoering, A., Kaldalu, N.
& Lewis, K. Specialized persister cells and the
mechanism of multidrug tolerance in Escherichia coli.
J. Bacteriol. 186, 8172–8180 (2004).
81. Shah, D. et al. Persisters: a distinct physiological state
of E. coli. BMC Microbiol. 6, 53 (2006).

82. Maisonneuve, E., Shakespeare, L. J., Jørgensen, M. G.
& Gerdes, K. Bacterial persistence by RNA
endonucleases. Proc. Natl Acad. Sci. USA 108,
13206–13211 (2011).
83. Verstraeten, N. et al. Obg and membrane
depolarization are part of a microbial bet-hedging
strategy that leads to antibiotic tolerance. Mol. Cell
59, 9–21 (2015).
This study describes the regulation of the
HokB–SokB toxin–antitoxin system by ObgE and
(p)ppGpp in E. coli, and suggests an overlap in the
regulation of both type I and type II toxin–antitoxin
modules and central metabolism.
84. Maurizi, M. R. Proteases and protein degradation
in Escherichia coli. Experientia 48, 178–201
(1992).
85. Kint, C., Verstraeten, N., Hofkens, J., Fauvart, M.
& Michiels, J. Bacterial Obg proteins: GTPases at
the nexus of protein and DNA synthesis. Crit. Rev.
Microbiol. 40, 207–224 (2014).
86. Theodore, A., Lewis, K. & Vulic´, M. Tolerance of
Escherichia coli to fluoroquinolone antibiotics depends
on specific components of the SOS response pathway.
Genetics 195, 1265–1276 (2013).
87. Shan, Y., Lazinski, D., Rowe, S., Camilli, A. & Lewis, K.
Genetic basis of persister tolerance to aminoglycosides
in Escherichia coli. mBio 6, e00078‑15 (2015).
88. Mizusawa, S. & Gottesman, S. Protein degradation in
Escherichia coli: the lon gene controls the stability of
SulA protein. Proc. Natl Acad. Sci. USA 80, 358–362
(1983).
89. Germain, E., Castro-Roa, D., Zenkin, N. & Gerdes, K.
Molecular mechanism of bacterial persistence by
HipA. Mol. Cell 52, 248–254 (2013).
90. Pedersen, K. et al. The bacterial toxin RelE displays
codon-specific cleavage of mRNAs in the ribosomal A
site. Cell 112, 131–140 (2003).
91. Christensen, S. K. & Gerdes, K. RelE toxins from
bacteria and Archaea cleave mRNAs on translating
ribosomes, which are rescued by tmRNA.
Mol. Microbiol. 48, 1389–1400 (2003).
92. Christensen-Dalsgaard, M., Jørgensen, M. G. &
Gerdes, K. Three new RelE–homologous mRNA
interferases of Escherichia coli differentially induced
by environmental stresses. Mol. Microbiol. 75,
333–348 (2010).
93. Winther, K. S. & Gerdes, K. Enteric virulence associated
protein VapC inhibits translation by cleavage of initiator
tRNA. Proc. Natl Acad. Sci. USA 108, 7403–7407
(2011).
94. Winther, K., Tree, J. J., Tollervey, D. & Gerdes, K.
VapCs of Mycobacterium tuberculosis cleave RNAs
essential for translation. Nucleic Acids Res.
9860–9871 (2016).
95. Castro-Roa, D. et al. The Fic protein Doc uses an
inverted substrate to phosphorylate and inactivate
EF‑Tu. Nat. Chem. Biol. 9, 811–817 (2013).
96. Bernard, P. et al. The F plasmid CcdB protein induces
efficient ATP-dependent DNA cleavage by gyrase.
J. Mol. Biol. 234, 534–541 (1993).
97. Jiang, Y., Pogliano, J., Helinski, D. R. & Konieczny, I.
ParE toxin encoded by the broad-host-range plasmid
RK2 is an inhibitor of Escherichia coli gyrase.
Mol. Microbiol. 44, 971–979 (2002).
98. Harms, A. et al. Adenylylation of gyrase and Topo IV
by FicT toxins disrupts bacterial DNA topology.
Cell Rep. 12, 1497–1507 (2015).
99. Cheverton, A. M. et al. A Salmonella toxin promotes
persister formation through acetylation of tRNA.
Mol. Cell 63, 86–96 (2016).
100. Pedersen, K., Christensen, S. K. & Gerdes, K. Rapid
induction and reversal of a bacteriostatic condition
by controlled expression of toxins and antitoxins.
Mol. Microbiol. 45, 501–510 (2002).
101. Harrison, J. J. et al. The chromosomal toxin gene yafQ
is a determinant of multidrug tolerance for Escherichia
coli growing in a biofilm. Antimicrob. Agents
Chemother. 53, 2253–2258 (2009).
102. Lobato-Márquez, D., Moreno-Córdoba, I., Figueroa, V.,
Díaz-Orejas, R. & García-del Portillo, F. Distinct type I
and type II toxin–antitoxin modules control
Salmonella lifestyle inside eukaryotic cells. Sci. Rep. 5,
9374 (2015).
103. Kaspy, I. et al. HipA-mediated antibiotic persistence
via phosphorylation of the glutamyl-tRNA-synthetase.
Nat. Commun. 4, 3001 (2013).
104. Germain, E., Roghanian, M., Gerdes, K. &
Maisonneuve, E. Stochastic induction of persister cells
by HipA through (p)ppGpp-mediated activation of
mRNA endonucleases. Proc. Natl Acad. Sci. USA 112,
5171–5176 (2015).

105. Conlon, B. P. et al. Persister formation in
Staphylococcus aureus is associated with ATP
depletion. Nat. Microbiol. 1, 16051 (2016).
106. Fu, Z., Tamber, S., Memmi, G., Donegan, N. P.
& Cheung, A. L. Overexpression of MazFSa in
Staphylococcus aureus induces bacteriostasis by
selectively targeting mRNAs for cleavage. J. Bacteriol.
191, 2051–2059 (2009).
107. Donegan, N. P. & Cheung, A. L. Regulation of the
mazEF toxin–antitoxin module in Staphylococcus
aureus and its impact on sigB expression. J. Bacteriol.
191, 2795–2805 (2009).
108. Chowdhury, N., Kwan, B. W. & Wood, T. K. Persistence
increases in the absence of the alarmone guanosine
tetraphosphate by reducing cell growth. Sci. Rep. 6,
20519 (2016).
109. Baba, T. et al. Construction of Escherichia coli K-12
in‑frame, single-gene knockout mutants: the Keio
collection. Mol. Syst. Biol. http://dx.doi.org/10.1038/
msb4100050 (2006).
110. Hansen, S., Lewis, K. & Vulic´, M. Role of global
regulators and nucleotide metabolism in antibiotic
tolerance in Escherichia coli. Antimicrob. Agents
Chemother. 52, 2718–2726 (2008).
111. Radzikowski, J. L., Schramke, H. & Heinemann, M.
Bacterial persistence from a system-level perspective.
Curr. Opin. Biotechnol. 46, 98–105 (2017).
112. Radzikowski, J. L. et al. Bacterial persistence is an
active σS stress response to metabolic flux limitation.
Mol. Syst. Biol. 12, 882 (2016).
113. Amato, S. M. & Brynildsen, M. P. Persister
heterogeneity arising from a single metabolic stress.
Curr. Biol. 25, 2090–2098 (2015).
114. Shan, Y. et al. ATP-dependent persister formation in
Escherichia coli. mBio 8, e02267‑16 (2017).
115. Pu, Y. et al. Enhanced efflux activity facilitates drug
tolerance in dormant bacterial cells. Mol. Cell 62,
284–294 (2016).
116. Band, V. I. et al. Antibiotic failure mediated by a
resistant subpopulation in Enterobacter cloacae.
Nat. Microbiol. 1, 16053 (2016).
117. Pader, V. et al. Staphylococcus aureus inactivates
daptomycin by releasing membrane phospholipids.
Nat. Microbiol. 2, 16194 (2016).
118. Queck, S. Y. et al. RNAIII-independent target gene
control by the agr quorum-sensing system: insight into
the evolution of virulence regulation in Staphylococcus
aureus. Mol. Cell 32, 150–158 (2008).
119. Painter, K. L., Krishna, A., Wigneshweraraj, S. &
Edwards, A. M. What role does the quorum-sensing
accessory gene regulator system play during
Staphylococcus aureus bacteremia? Trends Microbiol.
22, 676–685 (2014).
120. Overgaard, M., Borch, J., Jørgensen, M. G. &
Gerdes, K. Messenger RNA interferase RelE controls
relBE transcription by conditional cooperativity.
Mol. Microbiol. 69, 841–857 (2008).
121. Hall, A. M. J., Gollan, B. & Helaine, S. Toxin–antitoxin
systems: reversible toxicity. Curr. Opin. Microbiol. 36,
102–110 (2017).
122. Christensen, S. K., Pedersen, K., Hansen, F. G. &
Gerdes, K. Toxin–antitoxin loci as stress-responseelements: ChpAK/MazF and ChpBK cleave translated
RNAs and are counteracted by tmRNA. J. Mol. Biol.
332, 809–819 (2003).
123. Allison, K. R., Brynildsen, M. P. & Collins, J. J.
Metabolite-enabled eradication of bacterial
persisters by aminoglycosides. Nature 473, 216–220
(2011).
This was the first study to develop a method of
persister eradication and test it in an animal
model.
124. Pan, J., Bahar, A. A., Syed, H. & Ren, D. Reverting
antibiotic tolerance of Pseudomonas aeruginosa
PAO1 persister cells by (Z)-4‑bromo‑5(bromomethylene)-3‑methylfuran‑2(5H)-one.
PLoS ONE 7, e45778 (2012).
125. Harris, J. & Keane, J. How tumour necrosis factor
blockers interfere with tuberculosis immunity.
Clin. Exp. Immunol. 161, 1–9 (2010).
126. Belland, R. J. et al. Transcriptome analysis of
chlamydial growth during IFNγ‑mediated persistence
and reactivation. Proc. Natl Acad. Sci. USA 100,
15971–15976 (2003).
127. Layton, J. C. & Foster, P. L. Error-prone DNA
polymerase IV is controlled by the stress-response
sigma factor, RpoS, in Escherichia coli. Mol. Microbiol.
50, 549–561 (2003).
128. Goodman, M. F. Error-prone repair DNA polymerases
in prokaryotes and eukaryotes. Annu. Rev. Biochem.
71, 17–50 (2002).

NATURE REVIEWS | MICROBIOLOGY

ADVANCE ONLINE PUBLICATION | 11
.
d
e
v
r
e
s
e
r
s
t
h
g
i
r
l
l
A
.
e
r
u
t
a
N
r
e
g
n
i
r
p
S
f
o
t
r
a
p
,
d
e
t
i
m
i
L
s
r
e
h
s
i
l
b
u
P
n
a
l
l
i
m
c
a
M
7
1
0
2
©

REVIEWS
129. Dörr, T., Lewis, K. & Vulic´, M. SOS response induces
persistence to fluoroquinolones in Escherichia coli.
PLOS Genet. 5, e1000760 (2009).
130. Beaber, J. W., Hochhut, B. & Waldor, M. K. SOS
response promotes horizontal dissemination of
antibiotic resistance genes. Nature 427, 72–74
(2004).
131. Völzing, K. G. & Brynildsen, M. P. Stationary-phase
persisters to ofloxacin sustain DNA damage and
require repair systems only during recovery. mBio 6,
e00731‑15 (2015).
132. Pearl Mizrahi, S., Gefen, O., Simon, I. &
Balaban, N. Q. Persistence to anti-cancer treatments
in the stationary to proliferating transition. Cell Cycle
15, 3442–3453 (2016).
133. Michiels, J. & Fauvart, M. (eds) Bacterial
Persistence: Methods and Protocols (Springer New
York, 2016).
134. Helaine, S. et al. Dynamics of intracellular bacterial
replication at the single cell level. Proc. Natl Acad. Sci.
USA 107, 3746–3751 (2010).
135. Manina, G., Dhar, N. & McKinney, J. D. Stress and
host immunity amplify Mycobacterium tuberculosis
phenotypic heterogeneity and induce nongrowing
metabolically active forms. Cell Host Microbe 17,
32–46 (2015).
136. Wang, Z., Gerstein, M. & Snyder, M. RNA-Seq:
a revolutionary tool for transcriptomics. Nat. Rev.
Genet. 10, 57–63 (2009).
137. Levin-Reisman, I. et al. Automated imaging with
ScanLag reveals previously undetectable bacterial
growth phenotypes. Nat. Methods 7, 737–739
(2010).
138. Gurnev, P. A., Ortenberg, R., Dörr, T., Lewis, K.
& Bezrukov, S. M. Persister-promoting bacterial
toxin TisB produces anion-selective pores in
planar lipid bilayers. FEBS Lett. 586, 2529–2534
(2012).

139. Hurdle, J. G., O’Neill, A. J., Chopra, I. & Lee, R. E.
Targeting bacterial membrane function: an
underexploited mechanism for treating persistent
infections. Nat. Rev. Microbiol. 9, 62–75 (2011).
140. Chen, X., Zhang, M., Zhou, C., Kallenbach, N. R. &
Ren, D. Control of bacterial persister cells by Trp/Argcontaining antimicrobial peptides. Appl. Environ.
Microbiol. 77, 4878–4885 (2011).
141. Mukherjee, D., Zou, H., Liu, S., Beuerman, R. &
Dick, T. Membrane-targeting AM‑0016 kills
mycobacterial persisters and shows low propensity
for resistance development. Future Microbiol. 11,
643–650 (2016).
142. Kim, W. et al. NH125 kills methicillin-resistant
Staphylococcus aureus persisters by lipid bilayer
disruption. Future Med. Chem. 8, 257–269
(2016).
143. Schmidt, N. W. et al. Engineering persister-specific
antibiotics with synergistic antimicrobial functions.
ACS Nano 8, 8786–8793 (2014).
144. Lehar, S. M. et al. Novel antibody–antibiotic conjugate
eliminates intracellular S. aureus. Nature 527,
323–328 (2015).
145. Yang, H., Yu, J. & Wei, H. Engineered bacteriophage
lysins as novel anti-infectives. Front. Microbiol. 5, 542
(2014).
146. Briers, Y. et al. Art‑175 is a highly efficient
antibacterial against multidrug-resistant strains
and persisters of Pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 58, 3774–3784
(2014).
147. De Soyza, A. et al. Lung transplantation for patients
with cystic fibrosis and Burkholderia cepacia complex
infection: a single-center experience. J. Heart Lung
Transplant. 29, 1395–1404 (2010).
148. King, P. Haemophilus influenzae and the lung
(Haemophilus and the lung). Clin. Transl Med. 1, 10
(2012).

149. Ficht, T. A. Intracellular survival of Brucella: defining
the link with persistence. Vet. Microbiol. 92, 213–223
(2003).
150. Pawlowski, S. W., Warren, C. A. & Guerrant, R.
Diagnosis and treatment of acute or persistent
diarrhea. Gastroenterology 136, 1874–1886 (2009).
151. Cocanour, C. S. Best strategies in recurrent or
persistent Clostridium difficile infection. Surg. Infect.
(Larchmt) 12, 235–239 (2011).
152. Marzel, A. et al. Persistent infections by nontyphoidal
Salmonella in humans: epidemiology and genetics.
Clin. Infect. Dis. 62, 879–886 (2016).
153. Chong, Y. P. et al. Persistent Staphylococcus aureus
bacteremia: a prospective analysis of risk factors,
outcomes, and microbiologic and genotypic
characteristics of isolates. Medicine (Baltimore) 92,
98–108 (2013).
154. Elwell, C., Mirrashidi, K. & Engel, J. Chlamydia cell
biology and pathogenesis. Nat. Rev. Microbiol. 14,
385–400 (2016).
155. Radolf, J. D. et al. Treponema pallidum, the syphilis
spirochete: making a living as a stealth pathogen.
Nat. Rev. Microbiol. 14, 744–759 (2016).

Acknowledgements

The authors thank members of the Helaine laboratory for
critical reading of the manuscript. R.A.F. is supported by a UK
Medical Research Council (MRC) Centre for Molecular
Bacteriology and Infection (CMBI) studentship (grant
MR/J006874/1). S.H. and B.G. are supported by an MRC
Career Development Award (grant MR/M009629/1).

Competing interests statement

The authors declare no competing interests.

Publisher’s note

Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

12 | ADVANCE ONLINE PUBLICATION

www.nature.com/nrmicro
.
d
e
v
r
e
s
e
r
s
t
h
g
i
r
l
l
A
.
e
r
u
t
a
N
r
e
g
n
i
r
p
S
f
o
t
r
a
p
,
d
e
t
i
m
i
L
s
r
e
h
s
i
l
b
u
P
n
a
l
l
i
m
c
a
M
7
1
0
2
©

