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A genetically homogenous bacterial population may contain physiologically distinct subpopulations. In one
such case, a minor part of an otherwise antibiotic-sensitive bacterial population maintains a nondividing state
even in a growth-supporting environment and is therefore not killed by bactericidal antibiotics. This phenom-
enon, called persistence, can lead to failure of antibiotic treatment. We followed the development of sensitivity
to killing by ampicillin and norfloxacin when Escherichia coli cells were transferred from a stationary-phase
culture into fresh growth medium. In parallel, we monitored growth resumption by individual bacteria. We
found that bacteria in a population resumed growth and became sensitive to antibiotics at different times after
transfer to fresh medium. Moreover, both growing and dormant bacteria coexisted in the same culture for
many hours. The kinetics of awakening was strongly influenced by growth conditions: inocula taken from the
same stationary-phase culture led to very different persister frequencies when they were transferred into
different fresh media. Bactericidal antibiotics kill cells that have woken up, but the later-awakening subpopu-
lation is tolerant to them and can be identified as persisters when the antibiotic is removed. Our observations
demonstrate that persister count is a dynamic measure and that the persister frequency of a particular culture
is not a fixed value.

A clonal population of microbial cells, although genetically
uniform, can have several different phenotypes coexisting in
the same culture. Examples of phenotypic heterogeneity in-
clude genetic competence (32) and sporulation (30) in Bacillus
subtilis, induction of galactose utilization in Saccharomyces cer-
evisiae (2), and lactose operon activation by a nondegradable
inducer in Escherichia coli (27). Bacterial persistence also be-
longs to this category; persisters are antibiotic-tolerant cells in
an otherwise susceptible population (20). They can survive
antibiotic treatment and give rise to a population that is again
mostly sensitive to such treatment.

Persisters were first described over 65 years ago (3), but their
identity has remained obscure. In cultures of wild-type E. coli,
they are reported to be present at low frequencies (10�4 to
10�6) (20), but estimates vary. A single-cell study revealed that
persisters do not grow before antibiotic treatment, even in a
growth-supporting environment (1), as was conjectured in the
first description of persisters (3). This may explain their toler-
ance to bactericidal antibiotics, which do not usually kill non-
growing bacteria. Persisters are mainly formed during station-
ary phase, as prolonged cultivation in logarithmic phase
eliminates them from the population (16).

The molecular mechanism of persister formation is not well
understood. Several studies have suggested the importance of
toxin-antitoxin (TA) modules in this process. Indeed, elevated
levels of mRNAs for several TA modules have been observed
in persisters, and TA overexpression can induce persister-like
phenotypes (17). In addition, a hipA7 mutant has been de-
scribed that forms persisters with a higher frequency (10�2 to

10�3) than that of the wild type (25). It was subsequently
determined that hipA encodes the toxin component of a TA
module (10). However, no single TA module is solely respon-
sible for persister formation, as no single knockout abolishes it
(15, 17). Persister formation can also be affected by other
genes—deletion of phoU (21) or relA (18) decreases the fre-
quency of persisters, while overexpression of several toxic pro-
teins has been shown to increase it (34). Nevertheless, recent
genome-wide screens for persistence genes have failed to point
to a single specific pathway (5, 14).

According to the current consensus in the field, persisters
are formed at low frequencies during the late-logarithmic and
stationary phases and constitute only a minor fraction of sta-
tionary-phase cells (20). While normal cells are believed to
resume growth and become susceptible to antibiotics immedi-
ately after transfer into fresh medium, persisters remain dor-
mant longer (28). Here we demonstrate that heterogeneous
growth resumption is an intrinsic property of the whole E. coli
population. We propose that persisters do not form a distinct
subpopulation in stationary phase but that their number re-
flects wake-up kinetics.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. E. coli strain MG1655 (4) was
used in all experiments. Plasmid pETgfp mut2 AGGAGG (3) carries a GFP
mut2 gene under the control of an IPTG (isopropyl-�-D-thiogalactopyranoside)-
inducible tac promoter and a kanamycin resistance gene (35). Cells were grown
in LB (Difco Laboratories) or morpholinepropanesulfonic acid (MOPS) medium
(26), with the latter supplemented with either 0.1% glucose (MOPS Glc) or 0.2%
glycerol (MOPS Gly). The media also contained kanamycin (25 �g/ml) for
plasmid retention.

Persistence assay. Cells were grown to stationary phase in MOPS Glc (3 to 5
days), and 1:100 dilutions (1:1,000 dilutions in the case of the experiments for
Fig. 1B) were made in fresh medium (LB, MOPS Glc, or MOPS Gly) containing
ampicillin (Amp) (200 �g/ml; Actavis) or norfloxacin (5 �g/ml; Sigma). Samples
were withdrawn at the indicated times, diluted in sterile phosphate-buffered
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saline (PBS) (11), and plated on LB-kanamycin plates (25 �g/ml; Amresco).
Colonies were counted on the following day, after overnight incubation at 37°C.

Growth resumption. Cells were grown in the presence of inducer (1 mM
IPTG) so that in stationary phase all cells expressed high levels of green fluo-
rescent protein (GFP). Stationary-phase cultures were diluted 1:100 in fresh
medium without inducer, and 30-�l samples were withdrawn at the indicated
times. The samples were mixed with an equal volume of 30% glycerol in PBS and
stored at �70°C pending analysis. After dilution with sterile PBS, the samples
were analyzed on a flow cytometer (LSR II; BD Biosystems). The software
packages FACSDiva and FloJo were used to analyze the data.

RESULTS

Time spent in fresh medium is critical for ampicillin-in-
duced cell death. The existence of persisters becomes evident
when cells are diluted from stationary-phase culture into fresh
medium; this is required for the bulk of the population to
resume growth and become susceptible to antibiotics. Under
such conditions, the rate of cell death depends on both the
action of the antibiotic (the time it takes to kill a susceptible
cell) and the time necessary for a stationary-phase cell to
resume growth and become susceptible (to wake up). To de-
termine the exact contributions of these two factors to the
apparent time-dependent killing, we used MOPS-based mini-
mal medium to achieve a better time resolution than that
obtained with rich LB medium, in which the decrease in CFU
is rapid.

Previously, antibiotics have usually been applied to a culture
some time after transfer to fresh medium and incubated for
several hours to determine the frequency of persisters. In such
cultures, the time course of awakening is obscured by the initial
proliferation, as the fraction of sensitive bacteria contains both
cells that became vulnerable just before or even during anti-
biotic treatment and the progeny of those bacteria that re-
sumed growth immediately after dilution. In our experiments,
we subjected bacteria to antibiotics immediately upon transfer
to the growth-supporting medium.

Stationary-phase E. coli cells grown in MOPS Glc were di-
luted in fresh MOPS Glc medium containing ampicillin
(Amp), and samples were withdrawn every hour for CFU mea-
surement. Dilutions were also made in MOPS Glc without
Amp, with the antibiotic added later, so the cultures had been
subjected to different Amp treatment times (1, 2, and 3 h)
when they were sampled 4 h after dilution.

Cells were progressively killed by Amp during the 4-h pe-
riod, and only �5% remained alive at the end of the experi-
ment (Fig. 1A). The extent of killing was the same for all
cultures at this time point, regardless of the amount of time for
which the Amp was present: 4 h with Amp led to the same
number of colonies as 3 h without plus 1 h with Amp. This
nontrivial result shows that the time spent in fresh medium de-
termines the number of Amp-susceptible cells and suggests that
wake-up speed is the limiting factor in the kinetics of cell death.

This experiment also demonstrates that 1 h is enough for
Amp to kill all susceptible cells and that the presence of Amp
does not intervene in the wake-up process. This result conflicts
with the one described by Balaban and coworkers (12). In their
hands, the immediate addition of Amp resulted in fewer per-
sisters than those in cultures to which Amp was added after
some time. Since they used a different E. coli strain (HM22, the
hipA7 mutant), different medium (LB), and different persister

detection method (most probable number [MPN] in liquid
culture), the results are not directly comparable.

The same conclusion can be drawn from Fig. 1B, for which we
determined the killing curves after adding Amp to the culture at
different times. A stationary-phase culture in MOPS Glc was
diluted in fresh MOPS Glc, and its growth was monitored by CFU
measurements. At 0, 3, 4, and 5 h, an aliquot was removed from
the culture and Amp was added to it (indicated by arrows).

The addition of Amp immediately after dilution caused rel-
atively slow killing. In contrast, the addition of Amp after some
time led to two-phase killing curves, with a rapid initial de-
crease in CFU followed by a slower decline. During the quick
phase, the CFU counts dropped until reaching the level of the
culture with Amp added immediately after dilution. The slow
killing phase then followed, and a further decline occurred in
similar fashion, regardless of the time of Amp addition. This
suggests that after quick elimination of already growing cells,
Amp-mediated cell death reflects growth resumption.

The small quantitative discrepancies between Fig. 1A and B
are due to the high sensitivity of growth resumption rate to the
length of stationary phase.

FIG. 1. The extent of cell death depends on the time spent in fresh
medium. (A) Stationary-phase cells were diluted in fresh MOPS Glc
medium containing Amp, and the number of live cells was determined
by plate counts after each hour for 4 h (bars 1, 2, 3, and 4). Dilutions
were also made in Amp-free medium, with Amp added after 1 (1 � 3),
2 (2 � 2), or 3 (3 � 1) h. The cell counts of these cultures were
determined by plate counts 4 h after dilution. Standard errors were
calculated from the results of at least three independent experiments
and are indicated by error bars. (B) Stationary-phase cells were diluted
in fresh MOPS Glc medium, and their growth was monitored (black
triangles). Aliquots were taken 0 (gray triangles), 3 (gray squares), 4
(gray circles), and 5 (gray diamonds) hours after dilution (indicated by
arrows), and Amp was added to the aliquots. The numbers of surviving
cells were determined by plate counts. Standard errors were calculated
from the results of at least three independent experiments and are
indicated by error bars.
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The frequency of persisters reflects wake-up kinetics. If sen-
sitivity to antibiotic-induced killing depends on bacterial awak-
ening from dormancy, then the number of persisters should
depend on the growth resumption potency of the medium.

To test this experimentally, we grew E. coli cells to stationary
phase in MOPS Glc and diluted the culture in three different
Amp-containing media: LB, MOPS Glc, and MOPS Gly. If
persisters are predetermined in stationary phase as a distinct
subpopulation, then all three cultures should have displayed
equal numbers of persisters. Alternatively, if the frequency of
persisters reflects the kinetics of awakening, then each medium
should have had an individual persister count.

The killing curves were different in the different media (Fig.
2A). While a 1-h Amp treatment in LB was enough to kill more
than half of the cells, it took 6 h to reach the same level of
killing in MOPS Gly. Incubation with Amp in MOPS Glc
produced an intermediate level of killing during the first hours
but caught up with that in LB later. Because dilutions were
made from the same stationary-phase culture, the differences
in persister frequency must have arisen from the properties of
the different fresh media.

The data in Fig. 2A allowed us to calculate the rates of
appearance of Amp-sensitive cells, which we interpreted as
wake-up rates, in different media (Fig. 2B). Exit from dor-
mancy was the fastest in LB: the majority of cells woke up
during the first hour in fresh medium. In MOPS Glc, the
growth resumption was delayed and peaked during the second
hour. Cells diluted in MOPS Gly woke up during a prolonged

period. Delayed exit from dormancy is behind the ability to
withstand antibiotic treatment better in poorer media.

To rule out the possibility that the slower killing in MOPS
Gly was due to the slower growth in this medium, we measured
the killing rates of logarithmic-phase cultures in all 3 media.
The CFU half-life in Amp-treated LB was 4 min, that in MOPS
Glc was 6 min, and that in MOPS Gly was 9 min. This shows
that the Amp-mediated killing of logarithmic-phase cultures is
significantly faster than the events shown in Fig. 2. This again,
in addition to the data in Fig. 1, supports our notion that
Amp-mediated killing during growth resumption is not limited
by slow action of Amp but rather dominated by a process of
making the cells vulnerable to Amp (exit from dormancy).

The dependency of wake-up speed on medium composition
can be visualized directly by following cell divisions by use of a
GFP dilution method (29). Cells containing a plasmid encod-
ing GFP were grown to stationary phase in the presence of
inducer, leading to the formation of bright green cells. Inducer
was omitted from the fresh medium, and therefore no more
GFP was synthesized after dilution. Every cell division led to a
2-fold reduction of cell GFP content, which could be observed
at single-cell resolution by flow cytometry.

We grew E. coli strain MG1655 to stationary phase in MOPS
Glc in the presence of inducer (IPTG) and followed its behav-
ior after dilution in fresh LB, MOPS Glc, and MOPS Gly
(all without Amp). Flow cytometry revealed different wake-up
kinetics in the different media (Fig. 3A). The growing popula-
tion with diminished GFP content was first visible in LB, fol-
lowed by MOPS Glc, and it appeared last in MOPS Gly.

For prolonged surveillance of growth resumption, we per-
formed the GFP dilution experiment in the presence of Amp.
In this way, the growing cells were lysed and disappeared from
the culture. A decrease in the number of GFP-positive cells
could thus be monitored and growth resumption described
over time without interference from the growing GFP-negative
population. The growth resumption dynamics in different me-
dia are shown in Fig. 3B. Overall, they are very similar to the
CFU measurements shown in Fig. 2A: cells woke up most
quickly in LB and most slowly in MOPS Gly. Quantitative
differences between the GFP dilution and CFU data can be
explained by the existence of GFP-positive cells that did not
resume growth during the experiment (29). These cells were
invisible in CFU measurements but certainly contributed to
the GFP-positive population. It is also possible that cells which
had lost their viability (did not form colonies after plating)
were still detectable as GFP-positive particles and were scored
among the intact GFP-positive cells by flow cytometry. The
results from GFP measurements accord well with the CFU
dynamics and support the notion that differences in cell killing
are determined by the wake-up speed.

The time-dispersed awakening observed led to considerable
heterogeneity among the isogenic cells. This is shown in Fig.
3A—heterogeneity was manifested by the appearance of mul-
tiple subpopulations with different GFP contents (different
numbers of cell divisions completed). The wide distribution of
wake-up times led to the coexistence of dormant and growing
cells over several hours.

Awakening-dependent killing by norfloxacin. Amp and
other �-lactams target growing cells by inhibiting peptidogly-
can synthesis (36). There are other classes of bactericidal an-

FIG. 2. The number of persisters in E. coli depends on the growth
medium. (A) Cells were grown to stationary phase in MOPS Glc and
then diluted in LB, MOPS Glc, and MOPS Gly, all containing Amp.
The numbers of surviving cells were determined by plate counts. Stan-
dard errors were calculated from the results of at least three indepen-
dent experiments and are indicated by error bars. (B) The CFU/ml
data from panel A were used to calculate bacterial wake-up rates
(CFU ml�1 h�1).
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tibiotics with different modes of action. If growth resumption is
critical for cells to become sensitive to antibiotics, then differ-
ent antibiotics should give us similar results, regardless of their
specific targets in the cells.

We tested this assumption by using norfloxacin, a bacteri-
cidal antibiotic that targets DNA gyrase (36). Stationary-phase
bacteria were diluted in fresh medium containing norfloxacin,
and the cultures were sampled for surviving bacteria for 8 h
(Fig. 4). There were profound differences in cell death kinetics
among LB, MOPS Glc, and MOPS Gly. As with Amp, the cells
diluted in LB were killed most rapidly and those in MOPS Gly
were the most tolerant to norfloxacin. There were small dif-
ferences in death kinetics between ampicillin and norfloxacin,
which can be explained by their different modes of action: Amp
lyses cells rapidly (29), whereas the damage caused by nor-
floxacin can be reversed after removal of the drug (7).

DISCUSSION

Persisters are believed to be a survival form of nonsporulat-
ing bacteria formed in the stationary phase of growth (20).
Indeed, stationary-phase cells are tolerant to most bactericidal
antibiotics. Cells shifted back to growth conditions start to

grow and become susceptible to antibiotics again. Here we
show that the kinetics of the awakening process is the key to
the persistence phenomenon. The number of cells identified as
persisters depends on the time the cells have spent under

FIG. 3. E. coli growth resumption after stationary phase is heterogeneous over time. (A) Stationary-phase cells carrying pETgfp mut2
AGGAGG (3) and filled with GFP were diluted in LB, MOPS Glc, or MOPS Gly, and samples for flow cytometry were taken at the times indicated.
Vertical axis, side scatter; horizontal axis, GFP content. Dividing cells have elevated side scatter signals and reduced GFP content. (B) Stationary-
phase cells filled with GFP were diluted in Amp-containing fresh media, and samples were taken at the indicated times for flow cytometry. Cells
resuming growth were lysed and disappeared from the GFP-positive population. Standard errors were calculated from the results of at least three
independent experiments and are indicated by error bars.

FIG. 4. Killing by norfloxacin is dependent on growth resumption
kinetics. Cells were grown to stationary phase in MOPS Glc and
diluted in LB, MOPS Glc, and MOPS Gly, all containing norfloxacin.
The numbers of surviving cells were determined by plating. Standard
errors were calculated from the results of at least three independent
experiments and are indicated by error bars.
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growth-permitting conditions. The properties of fresh media
have a strong influence on wake-up kinetics, and therefore the
same stationary-phase culture can produce very different num-
bers of persisters if diluted in different media.

Differences in growth resumption might reflect a heteroge-
neity already existing during stationary phase. Indeed, station-
ary-phase E. coli cells can be separated by gradient centrifu-
gation into several subpopulations (23), each of which could
have its own growth resumption profile. The idea of the per-
sister population consisting of various subpopulations with dif-
ferent physiologies in continuum has been proposed (37), and
the existence of “deep” and “shallow” persisters with different
sensitivities to antibiotics has been suggested (22). An alterna-
tive explanation, that cells are identical and wake up randomly,
seems less likely, since the killing curves (Fig. 2A, LB and
MOPS Glc) suggest the existence of at least two subpopula-
tions with different wake-up rates.

The variance of the wake-up times might reflect the extent of
damage accumulated by the cells during stationary phase (6).
Cells with more accumulated damage may take longer for
repair and then resume growth later. They might escape the
antibiotic treatment just by chance, and therefore the hetero-
geneity in growth resumption might not be under positive
selection. Alternatively, the phenotype could have been under
selection because of its ecological significance. Exit from dor-
mancy enables cell multiplication, but it also makes cells vul-
nerable to a dangerous environment. It is possible that E. coli
has adapted to uncertain environments by diversification of its
wake-up times, with some cells resuming growth rapidly while
others stay in dormancy longer. This “bet-hedging” strategy
ensures survival of the population in an uncertain environment
(19, 33).

Exit from dormancy is a well-studied process in sporulating
bacteria such as Bacillus subtilis. Various environmental signals
can induce spore germination, and this is mediated by specific
germination receptors (24, 31). Strains deficient in a particular
receptor cannot germinate in response to the specific signal.
Interestingly, germination of Bacillus spores also seems to be
heterogeneous, as it is possible to isolate “superdormant”
spores that do not germinate under normal conditions but
require a high concentration of nutrients (13). They resemble
late-awakening E. coli cells in their ability to stay dormant in a
potentially growth-supporting environment.

Large heterogeneity in growth resumption times is also ev-
ident in microbes from natural environments. Epstein and col-
leagues incubated thousands of environmental samples under
growth-supporting conditions and noticed that the same bac-
terial species continued to emerge over many months (8).
Despite large differences in growth resumption times, the ac-
tual growth speeds were similar for different isolates. This led
to the development of the “scout” hypothesis—scouts are cells
in a generally dormant population that can wake up and test
the environment for suitability for growth (9).

Our results suggest that classifying bacteria into “normal”
and “persister” cells is an oversimplification. The frequency of
cells identified as persisters changes over time, and this change
is heavily dependent on growth conditions. “Two-hour persis-
ters in LB” have a very different frequency from that for “4-h
persisters in MOPS Gly,” making the very definition of persis-
ters an operational one that may not have a uniform physical

equivalent. The idea of persister frequency being dynamic has
also been proposed in the context of a phoU mutant which has
the same persister frequency as the wild type after short Amp
exposure but a greatly decreased one (compared to the wild
type) after long treatment (21). The complex nature of the
persister phenomenon is also illustrated by our recent obser-
vation that the length of the stationary phase has a major
influence on the growth resumption kinetics observed after
transfer to fresh medium (H. Luidalepp, A. Jõers, and T.
Tenson, unpublished data).

Persisters are reported to occur at low frequencies in wild-
type E. coli (104 to 106) (20), but a single value has limited
usefulness in the light of our results. Cells continue to resume
growth and become susceptible to antibiotics, so the time-
dependent killing curve is more appropriate for describing a
particular culture. According to our model (Fig. 5), cells re-
sume growth continuously, and classification into normal, per-
sister, and noncultivable populations depends on the experi-
mental setup.
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