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MICROBIOLOGY

Single-cell imaging and characterization of Escherichia
coli persister cells to ofloxacin in exponential cultures

Frédéric Goormaghtigh* and Laurence Van Melderen*

Bacterial persistence refers to the capacity of small subpopulations within clonal populations to tolerate antibiotics.
Persisters are thought to originate from dormant cells in which antibiotic targets are less active and cannot be
corrupted. Here, we report that in exponentially growing cultures, ofloxacin persisters originate from metabolically
active cells: These cells are dividing before the addition of ofloxacin and do endure DNA damages during the
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treatment, similar to their nonpersister siblings. We observed that growth rate, DNA content, and SOS induction
vary among persisters, as in the bulk of the population and therefore do not constitute predictive markers for
persistence. Persister cells typically form long polynucleoid filaments and reach maximum SOS induction after
removal of ofloxacin. Eventually, cell division resumes, giving rise to a new population. Our findings highlight
the heterogeneity of persister cells and therefore the need to analyze these low-frequency phenotypic variants on

a case-by-case basis at the single-cell level.

INTRODUCTION

Failure to eradicate bacterial infections is typically attributed to the
selection of antibiotic resistance mutations or the acquisition of resist-
ance determinants by horizontal gene transfer (1-3). Nevertheless,
bacterial persistence, a less well-understood phenomenon, appears to
play a pivotal role in the reoccurrence of infections and the evolution
of antibiotic resistance (4-6). In contrast to resistance, persistence is
not genetically acquired and relies on phenotypic heterogeneity (5).
Persister cells capable of tolerating antibiotic treatment constitute
small subpopulations generated at low frequency (10~ to 10~®) within
clonal populations (7). Upon removal of the antibiotic, persister cells
are able to resume growth and give rise to a viable progeny that is
genetically identical to the initial population.

In their pioneering work, Balaban and colleagues observed persister
cells in a microfluidic device at the single-cell level using Escherichia
coli mutants showing high-persistence frequency (hip mutants) (8).
This paved the way to the definition of different types of persister
cells: Type I persisters are thought to be triggered by stress such as
stationary phase, starvation, or host environment, whereas type II
persisters are considered slow- or nongrowing cells that are stochas-
tically generated in exponentially growing populations. Persister cells
are therefore commonly thought to be in a dormant, metabolically
inactive state that protects them from antibiotic insults (8-10). This
dormant physiological state would provide tolerance to different
antibiotics, a hallmark of persistence. However, it is clear that the
nondividing state is not sufficient for survival (10, 11) and that only a
small fraction of dormant cells have the capacity to regrow after the
antibiotic treatment (12-14). For instance, in Mycobacterium smegmatis,
persister cells to isoniazid (INH) are generated by actively growing
cells before the antibiotic treatment (15), and several reports highlight
the involvement of active antibiotic efflux in individual persister cells
(16). Persistence thus appears to be a complex phenomenon, with
most likely multiple underlying molecular mechanisms, strongly
depending on the experimental model and conditions and, particularly,
on the class of antibiotic tested (4, 17). Whether persistence is a
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selected trait also remains under debate. While some groups have
proposed that persistence constitutes a bet-hedging strategy involved
in bacterial adaption to fluctuating environments (18, 19), Levin and
co-workers proposed that persistence is rather the product of different
kinds of errors like mutations are [PASH (persistence as stuff happens)
hypothesis] (20, 21).

In the case of E. coli persistence to fluoroquinolones and in line
with the dormancy hypothesis, persister cells were initially thought
to consist of a subpopulation of cells experiencing spontaneous
errors of DNA synthesis leading to induction of the SOS response and
to growth arrest (22). Preexistence of a subpopulation of nongrowing
persister cells was later refuted by the Lewis group, as they found
that persister cells were formed upon exposure to ciprofloxacin, via
the induction of the SOS response (23, 24). They showed that in
addition to SOS-dependent DNA repair mechanisms, the TisB
pore-forming toxin, belonging to the type I tisAB toxin-antitoxin
system, is required for persistence. Expression of TisB leads to the
decrease of the proton motive force and adenosine triphosphate
levels (25). Persistence to fluoroquinolones is therefore quoted as
drug-induced persistence and does not appear to rely on a stochastic
switch (23). However, in stationary phase cultures, persistence to
fluoroquinolones was later found to be independent of TisB and
rather requires DNA repair mechanisms during the recovery phase,
after antibiotic removal (26).

An important drawback of all precited studies on persistence to
fluoroquinolones and of most persistence studies in general is that
they describe the persistence phenomenon at the population level
by the use of time-kill curves or flow cytometry techniques (26-29).
However, because of the scarce and unstable nature of persister
cells, population-based approaches fail to capture the specificity of
these cells as their signal is diluted in the bulk of nonpersister cells.
Persister cells cannot be isolated from the bulk of nonpersister cells,
as no specific markers for persistence have been identified. A few
studies managed to enrich the fraction of persister cells by sorting
and enrichment of dormant cells (11, 14). However, persister cells
were found to be scarce even among such dormant populations, as
more than 99% of these cells remained antibiotic sensitive upon cell
sorting (11). Therefore, observation of persister cells at the single-cell
level appears to be the most appropriate approach. There are only a few
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reports regarding the observation of persister cells at the single-cell
level. However, experiments either were conducted on high-persistent
mutants (8) or were later shown to be problematic, as discussed in
(30-33). As a result, the very concept of stochastic switching and
the fate of the resulting persister cells have never been described up
to this day.

Here, we developed a single-cell approach, based on microfluidics
coupled with fluorescence microscopy. As a model, we analyzed
persistence of E. coli wild-type cells to ofloxacin in steady-state
growth conditions using fluorescent reporters to monitor the
dynamics of the SOS response and to visualize the nucleoids in
individual cells. On the contrary to the prevailing hypothesis, we
observed that persister cells are not necessarily slow growers and
that both persister and ofloxacin-sensitive cells endure comparable
levels of DNA damages during ofloxacin exposure, as indicated by a
similar induction of the SOS response in both cell types. Therefore,
neither growth rate nor SOS induction can be used as a marker to
predict the fate of a particular cell to become persister. Our analyses
revealed persister-specific traits during the recovery phase, after
antibiotic removal. First, the SOS induction was prolonged during the
early recovery phase, reaching its maximum peak a few hours after
ofloxacin removal. Persister cells recovery was further characterized
by the formation of long polynucleoid bacterial filaments, and cell
division ultimately resumed at multiple locations in the filament
after nucleoid segregation, giving rise to a viable progeny.

RESULTS

Setting up an experimental framework for tracking bacterial
persister cells at the single-cell level

The microfluidic experimental setup comprised three different phases:
(i) After inoculation of liquid cultures in the microfluidics device,
cells were perfused with MOPS-glucose medium for 5 to 7 hours. (ii)
Cells were then perfused with MOPS-glucose medium supplemented
with ofloxacin (5 pg/ml) [60-fold the minimal inhibitory concentration
(MIC) for the wild-type strain used in this work, 0.08 + 0.01 pg/ml] for
5 to 7 hours. (iii) Cells were reperfused with MOPS-glucose medium
for 24 hours, allowing for persister cells recovery and expansion.
Figure 1A shows the time-kill curve of the batch culture performed
in the same conditions. At 5 hours of treatment, only the persister
cells are surviving (second part of the curve, with a low killing rate).
For the live imaging experiments, pictures were taken every 15 min
over the course of the three phases, enabling us to track back the
history of cells identified as persisters and monitor their behavior
during growth. In this way, we monitored cellular parameters, such
as cell area and generation time on a large number of cells, at every
step of the experiment. We used a psulA::gfp reporter to monitor the
induction of the SOS response as well as an HU-GFP reporter strain
to visualize nucleoids and quantify cellular DNA content. This setup
provides a robust analysis tool to obtain quantitative data and to
compare the characteristics of persister cells with their many antibiotic-
sensitive siblings.

In a first attempt to observe persister cells in exponentially growing
populations, stationary phase cells were perfused in the microfluidic
plate with culture medium for 7 hours to allow the cells to grow
before ofloxacin treatment. In these conditions, only type I persister
cells originating from nongrowing cells and carried over from
stationary phase were observed (Fig. 1B, top panels). The frequency
of type I persisters was quantified in a representative experiment
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(Fig. 1B). Of the 2125 cells present at the time of treatment, we
observed 17 cells that did not divide, but only 1 of these cells was able
to survive the antibiotic treatment. We cannot exclude that among
the 16 cells that did not give rise to persisters, some were not viable
before the treatment. Figure 1B shows the growth dynamics of that
particular type I persister cell (Fig. 1B, top panels, red arrows). One
can directly observe that the persister cell did not divide during the
first growth phase, while most cells within the same field were
actively dividing. Upon addition of ofloxacin, all the cells stopped
dividing. After reperfusion of the chamber with medium devoid of
ofloxacin, only the persister cell underwent massive filamentation.
The filament then divided into individual cells to form a viable
progeny. The vast majority of the cells remained frozen in the initial
state; they neither formed filaments nor divided after reperfusion
with medium devoid of ofloxacin. In the same field, a second
nondividing cell before ofloxacin treatment was observed (Fig. 1B, top
panels, yellow arrows). This cell was unable to form a filament and to
divide after removal of ofloxacin, indicating that the nongrowing state
is not sufficient to trigger persistence, in accordance with previous
observations (10, 11).

To increase the probability of observing persister cells generated
by actively growing cells at treatment time, we added an additional
step of growth to ensure that most of the cells would be in steady-
state growth. Stationary phase cultures were diluted to an ODgoonm
of ~0.01 into culture flasks and grown to midlog phase (ODgponm
~ 0.3) before the inoculation of the microfluidic chamber. Growth
of the persister cells that were identified after removal of ofloxacin
was monitored to confirm that they were actively dividing before
the treatment (Fig. 1B, bottom panels, and movie S1). Figure 1B
shows one of the 23 persister cells that we observed in the course
of this work (persister p2). This persister cell originated from growing
ancestors and not from a dormant cell. It only ceased growth and
cell division upon ofloxacin treatment. As previously observed for
the type I persister cell, after removal of the antibiotic, the p2 persister
cell formed a long filament followed by cell division and further
growth. Persister frequency was determined on a representative
subset of 47,000 cells. Among this population of 47,000 cells, we
were able to detect 6 persister cells, corresponding to a frequency of
~1 in 10% a ratio close to that observed in flask cultures after 5 hours
of ofloxacin exposure (Fig. 1A). Generation time before ofloxacin
treatment was 63 = 10 min and 75 + 14 min in the microfluidic
system and in liquid cultures, respectively.

The SOS response is heterogeneous both in

ofloxacin-treated and untreated conditions

To follow the induction and dynamics of the SOS response at the
single-cell level, we made use of a low-copy number plasmid carrying
a transcriptional fusion between the sulA promoter and the gfp gene
(psulA::gfp). To validate the SOS reporter, we monitored fluorescence
by flow cytometry in the wild-type strain containing the psulA::gfp
plasmid, as well as in mutants in which the SOS response is either
constitutively induced (SOS ON, LexA51 ASulA) or noninducible
(SOS OFF, LexA3) (fig. S1A). As a control, fluorescence of cells with
a promoterless gfp plasmid was monitored in the wild-type strain
untreated or treated with ofloxacin (fig. SIA). In the wild-type
strain containing the psulA::gfp plasmid, fluorescence was similar to
that observed in the control in absence of ofloxacin, although a
small subpopulation (0.13% of the total cells) showed high fluores-
cence. After 5 hours of ofloxacin treatment, the mean fluorescence
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Fig. 1. Single-cell imaging of persister and nonpersister cells to ofloxacin. (A) Time-kill curve of MG1655 strain. Batch cultures were performed in similar conditions
to microfluidic experiments. The MG1655 strain was grown in MOPS-based medium supplemented with 0.4% glucose and then challenged with ofloxacin (final concen-
tration of 5 ug/ml). Survival was monitored at indicated times as described in the Materials and Methods. Data points are mean values of nine independent experiments,
and error bars represent SDs. The red line represents the MDKgg g (minimum duration for killing 99.9% of the population). (B) Fluorescence microscopy snapshots of the
MG1655 strain containing the psulA::gfp reporter plasmid during time-lapse microscopy in the microfluidic chamber. Top panels show a persister cell that did not divide
during the 7-hour growth phase in the microfluidic chamber after inoculation with an overnight culture (red arrow) and a nongrowing cell that is not a persister cell
(yellow arrow). Bottom panels represent the persister p2 that was dividing after inoculation of the microfluidic chamber with an exponentially growing culture (red
arrow). Time is indicated at the bottom-left corner of each picture. (C and D) Life cycle of persister p2 (C) and nonpersister cell np8 (D). The cumulated area (logg scale)
and the mean fluorescence of persister cell p2 and nonpersister cell np8 are plotted as a function of time. Red circles indicate cell division events before the addition of
ofloxacin (5 pg/ml) and the first cell division event during the recovery phase (C). Red shaded area indicates ofloxacin treatment.
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significantly increased (25-fold) in comparison to the untreated
sample. Fluorescence intensity showed a broad distribution within the
population, indicating that SOS induction is quite heterogeneous.
In the SOS OFF mutant, the mean fluorescence in the absence of
treatment was comparable to that of the wild-type strain. After
treating cells with ofloxacin for 5 hours, the mean fluorescence
increased only 3.2-fold, indicating that the SOS response is ~90%
repressed upon ofloxacin treatment (as compared to the wild-type), and
as observed for the wild-type strain, the distribution of fluorescence
intensities broadened, indicating similar cell-to-cell heterogeneity.
In the SOS ON mutant, the mean fluorescence was ~60-fold higher
than that of the wild-type strain in steady-state growth conditions.
Nonetheless, exposure to ofloxacin for 5 hours still led to a slight
increase (1.3-fold). Together, these data indicate that the psulA::gfp
transcriptional fusion accurately and specifically reports SOS induc-
tion. Moreover, it shows that spontaneous SOS induction occurs at
low frequency in the wild-type strain and that the induction of the
SOS response varies from cell-to-cell upon ofloxacin treatment, as
previously reported by Pennington and Rosenberg (34).

The level of induction of the SOS reporter is likely to

reflect the amount of DNA damages

The next question was whether the level of induction of the psulA::gfp
reporter correlates to the amount of DNA damages. One of the
limitations of the reporter could be that gyrase poisoning by the
concentration of ofloxacin used in this work (5 ug/ml) leads to rapid
transcription inhibition and cell death. Therefore, cells incurring high
levels of DNA damage may show lower reporter expression. To test
this hypothesis, the transcription and translation capacities of cells
treated with ofloxacin (5 pg/ml) were assessed by flow cytometry
using a fluorescence-based two-color system (28). This system is
composed of two plasmids, one carrying the gfp gene under the control
of an isopropyl-pB-p-thiogalactopyranoside (IPTG)-inducible promoter
and the other carrying the crimson gene under the control of a
constitutive promoter (table S1). The Crimson fluorescence remained
stable during the course of the experiment, both in treated and
untreated cells. Upon addition of IPTG, as expected, GFP fluores-
cence of the untreated control cells increased with time (fig. S1B).
GFP fluorescence of cells treated with ofloxacin and IPTG increased
for the first 2 hours of treatment (65-fold increase as compared to
125-fold increase for the untreated control) and remained stable for
the next 3 hours, indicating that transcription occurs in treated cells,
although to a lesser extent than in the untreated control (~53% de-
crease as compared to the untreated control). Moreover, only a very
small proportion of cells (~1%) were stained by propidium iodide
(PI) after 5 hours in the presence of ofloxacin (fig. S1C), suggesting
that during the course of the treatment, most of the ofloxacin-
treated cells did not present membrane defects. A 4',6-diamidino-
2-phenylindole (DAPI) counterstain was used to make sure that
PI-negative cells were not DNA-free cells (fig. S1C). This conclusion
was supported as treating the cells at high temperature or with
70% isopropanol after the antibiotic treatment increased the frequency
of PI-positive cells to almost 100% (fig. S1C). Together, these data
indicate that ofloxacin-treated cells remain metabolically active and
do not present membrane defects at least during the first 2 hours of
treatment. The apparent discrepancy between the PI-staining data
and the loss of viability as measured by plating the treated cells suggests
that cell death might not occur during the ofloxacin treatment but
rather on plates, during the recovery period.
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Next, we asked whether induction of SOS may reach saturation
once all available LexA is cleaved, thereby not reporting additional
DNA damages. Wild-type cells containing the SOS reporter were
treated with ofloxacin (1 and 5 pg/ml), and both survival and fluo-
rescence were monitored as a function of time (fig. S1, D and E). For
both concentrations, viability was gradually lost and fluorescence
was gradually increasing. Note that loss of viability was more im-
portant at 1 ug/ml of ofloxacin than at 5 pg/ml, as was fluorescence.
This phenomenon is known as the paradoxical effect of quinolones:
High concentrations of quinolones are less bactericidal (35). Loss
of viability as measured on plates was highly correlated with the
increase in fluorescence of the psulA::gfp reporter (Spearman cor-
relation coefficient = —1, P < 107 at 5 pg/ml of ofloxacin) in that
time frame, indicating that expression of this reporter is likely to
report the extent of DNA damage. In addition, the level of fluores-
cence was higher at 1 pg/ml than at 5 ug/ml of ofloxacin, indicating
that saturation of the SOS response does not occur under our exper-
imental conditions.

SOS induction before ofloxacin treatment does not trigger
persister cell formation

Since we observed wild-type cells with high fluorescence at low
frequency in the absence of ofloxacin (fig. S1A), we asked whether
these cells were more likely to generate persister cells in expo-
nentially growing populations, as previously suggested (22). The
frequency of SOS spontaneous induction in cells growing in the mi-
crofluidic setup (0.08% of 47,000 analyzed cells) was similar to that
observed in liquid culture, as measured by flow cytometry (0.13% of
225,000 events). Forty wild-type cells in which the SOS response
was ON before ofloxacin treatment were tracked in microfluidic
experiments. None of these SOS ON cells was able to give rise to a
viable progeny after removal of ofloxacin (see movie S2 for a repre-
sentative example). Survival and MDKgg ¢ (minimum duration for
killing 99.9% of the population) measurements of the SOS ON mu-
tant at the population level confirmed that constitutive SOS system
does not increase persister cell frequency (Fig. 2, A and B). A slight
and significant 1.9-fold decrease of the MDKyg ¢ was even observed
as compared to the wild-type strain (Fig. 2, A and B). The ASulA
mutant was tested as a control, and both survival and MDKgg g were
comparable to that of the wild-type strain. As expected, survival and
MDXKgg 9 were strongly reduced for the SOS OFF mutant as com-
pared to the wild-type strain (68.1- and 5.8-fold; Fig. 2, A and B),
confirming previous published observations (22, 23, 26). Since
expression of TisB was shown to lead to persistence, we tested the
ATisAB mutant but could not observe any significant differences in
survival or MDKgg ¢ as compared to the wild-type strain. To better
understand such discrepancy with previously published data (24),
we tested the survival of the ATisAB mutant in the experimental
setup described in the original paper. Under these conditions, the
previously published phenotype was reproducible (25-fold decrease
in survival after 5 hours of ciprofloxacin treatment as compared
to the wild-type strain), indicating that TisB might play a role in
persistence to fluoroquinolones in very specific experimental
conditions. Note that the MICs of the different mutants were compara-
ble to that of the wild-type strain (SOS OFF = 0.08 + 0.01 pg/ml,
ASulA =0.10 £ 0.01 pg/ml, SOS ON = 0.09 + 0.04 pg/ml, and
ATisAB = 0.09 £ 0.01 pg/ml). Overall, in agreement with what
was previously reported for stationary phase persisters (26), these
data show that while a functional SOS response contributes to
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Fig. 2. The SOS response is required for persistence to ofloxacin but not prior treatment. Survival fraction after 5 hours of ofloxacin treatment (5 ug/ml) (A) and
MDKgg 9 (time to kill 99.9% of the population) (B) are represented for the wild-type strain and isogenic LexA3 (SOS OFF), LexA51 ASulA (SOS ON), ASulA and ATisAB mu-
tants. Bar graphs represent mean values of at least three independent experiments. Independent replicate values are plotted as dots. Student’s t-tests were performed

between data for the wild-type (WT) and mutant strains (***P < 0.001).

persistence to ofloxacin, induction of the SOS response before the
antibiotic treatment does not increase persistence frequency in
steady-state growth conditions. In addition, the impact of the TisB
toxin appears to be condition dependent and does not solely explain
the role of the SOS response in persistence to fluoroquinolones, at
least not in the conditions tested here.

Persister and sensitive cells similarly respond to DNA
damage during ofloxacin treatment

It is generally assumed that persister cells are slow growers or
nongrowers, making them “refractory” to antibiotics. The rationale
is that antibiotics target physiological processes (in the case of
ofloxacin, DNA replication via gyrase poisoning) that are less active
in slowly growing cells (36). Using the psulA::gfp reporter plasmid,
we monitored the fluorescence intensity as a proxy for DNA
damage levels. Before treatment (after 6 hours of growth), the mean
fluorescence of the population was low, and the fluorescence distribu-
tion showed some degree of heterogeneity [quartile-based coefficient
of variation (QCV) = 22%; Table 1 and Fig. 3A]. No significant
difference was observed between fluorescence of persister cells, a subset
of 14 randomly chosen cells, and that of the population (Table 1 and
Fig. 3A; see Materials and Methods for how the random subset of
cells was defined). After 5 hours of ofloxacin treatment, as expected,
mean fluorescence had increased in all cell types: 12.6-fold increase
in the bulk of the population, 14.9-fold increase in persister cells,
and 9.6-fold increase in the subset of sensitive cells (Table 1 and
Fig. 3A). In addition, dispersion of the data increased as well
(QCV =79, 105, and 91% for the population, persisters, and sensitive
cells, respectively), indicating that the ofloxacin treatment generated
cell-to-cell heterogeneity within the population (Table 1 and Fig. 3A).
As no significant difference was observed between SOS induction in
persister cells, in the subset of sensitive cells and in the bulk of the
population (Table 1 and Fig. 3B), we conclude that, during ofloxacin
treatment, the levels of DNA damage are similar in persister and
ofloxacin-sensitive cells.
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Persister cells early recovery is characterized by maximal
SOS induction and filamentation

Upon removal of ofloxacin, persister cells mean fluorescence
rapidly increased (24.7-fold after 3.6 + 2.4 hours of recovery;
Fig. 3, A and B, Table 1, and fig. S2). Such fluorescence peak in early
recovery phase is highly significant (P < 107%; 1.7-fold increase as
compared to fluorescence at treatment time) and specific to persister
cells, as shown by the absence of a significant increase at the popula-
tion level and in the sensitive cells (Fig. 3, A and B). Concomitantly
(1.4 + 1.0 hours after ofloxacin removal), persister cells started to
elongate and generated long filaments, indicative of cell division
inhibition (final filament area of 18.3 + 8.2 pm?; fig. S2 and movies
S1, S3, $4, and S6). We observed that both the kinetics and increase
in fluorescence after ofloxacin removal varied among persister cells
(fig. S2). In 13 of the 23 persister cells, the fluorescence reached a
plateau during ofloxacin treatment, and a second fluorescence peak
was observed during the early recovery phase (Fig. 1C and fig. S2A),
while in the 10 others, fluorescence gradually increased during the
ofloxacin treatment and subsequent recovery phase (fig. S2B).
Nevertheless, in all cases, maximum fluorescence was reached
during early recovery phase (3.6 £ 2.4 hours of recovery) as opposed
to the subset of sensitive cells for which maximum fluorescence was
reached during antibiotic treatment (4.75 + 4.66 hours of treatment;
Fig. 1D and fig. S2C). With time, filamentation of persister cells led
to a strictly proportional decrease in fluorescence, indicating that
the SOS response was shut down in persister cells after reaching
their maximum fluorescence peak (3.3-fold drop at 8.5 hours of
recovery, P < 107%; Fig. 3 and Table 1). If the SOS response was still
induced in persister cells after reaching their maximum fluorescence
peak, then one would expect the data to not follow a strict inverse
relationship. We found the inverse regression model to tightly fit
the data, with all 23 persister cells having an R* coefficient higher
than 0.8 and 78% of the 23 persister cells having an R* coefficient
higher than 0.9 (Fig. 3C illustrates this relationship for persister p17
as a representative example).
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Table 1. Induction of the SOS response at the population level, in persister cells and in sensitive cells throughout microfluidic time-lapse

experiments. Mean fluorescence and SDs for the wild-type strain containing the psulA::gfp reporter plasmid during time-lapse microscopy in the microfluidic
chamber for the bulk of the population, the 23 persister cells and a subset of 14 random nonpersister cells (see Materials and Methods for how the random subset
of cells was defined) at indicated times. In the case of persister cells early recovery, the maximum value of fluorescence was used and therefore corresponds to
different times of recovery. The indicated time corresponds to the mean time at which persister cells reached maximum fluorescence together with the
corresponding SD. The fourth column represents the mean fluorescence fold increase as compared to the untreated condition. The fifth column represents the
number of cells that were analyzed. The sixth column represents the QCV, i.e., the interquartile range divided by the median, and is a robust measurement of

heterogeneity within a sample (see Materials and Methods). AU, arbitrary units.

Mean fluorescence

Time (AU/um? x 10%) Fold increase Sample size QCV (%)

6hours ofgrowth 029+O 16 14946 223

5 hours of ofloxacm 3 69 it 2 49 12 6 20 022 79 2

35hours ofrecovery 354+340 121 18027 905

8 5 hours of recovery 3 03 it 3 71 10 4 16,448 101 3

6 hours of growth O 30 + 0 09 23 36 0

5 hours of ofloxacm 4 39 e 2 69 14.9 23 104 5
Persister cells S Lo eoer e P

3.6: 24 hours of 7.28+3.95 247 23 85.9

recovery

8 5 hours of recovery 2 21 = 1 26 7.5 23 75 9

6hours ofgrowth 035+0 16 14 442

i 5hours ofofloxacrn 342+3 11 9.6 14 91.3
Sensitive cells s SO OO OO SOOP U SOOIt R

85 hours of recovery 297 +298

Subsequently (6.9 + 1.5 hours of recovery), persister cells eventually
underwent cell divisions at multiple locations within the filament
and gave rise to viable daughter cells (see below). Comparable
phenotypes were observed in the case of type I persister cells (Fig. 1B).

Persister filaments are formed in the absence of the SOS
response but with reduced size

To test whether filamentation is SOS and SulA dependent, we
performed microfluidic experiments using the SOS OFF and ASulA
mutants. In both cases, we observed filamentation during the recovery
phase at a frequency similar to that of the wild-type strain (Fig. 4A
and movie S5). However, for the SOS OFF mutant, the frequency of
productive filament was low (see below), confirming the defect in
persistence observed in flask experiments (Fig. 2). Moreover, SOS
OFF filaments did not show any induction of the psulA::gfp fusion,
ruling out any activation of the SOS system in these cells (movie S5).
For the ASulA mutant, we observed and analyzed 18 persister cells.
These persister cells were undergoing filamentation as observed for
the wild-type strain. However, the maximal cell area of the ASulA
filaments was significantly lower than that of wild-type filaments
(12.67 + 7.06 um” and 18.3 + 8.2 um?, respectively; Fig. 4C). Thus,
although SulA-independent filamentation occurs in the ASulA and
SOS mutant persister cells, we cannot exclude that SulA contributes
to the filamentation observed in the wild-type persister cells.

Persister cells generate polynucleoid filaments during the
recovery phase

Next, we asked whether persister filaments were multinucleated as
suggested by the large number of cell division events occurring
simultaneously or in a short time frame (movie S1). Using a wild-type
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strain carrying an HU-GFP fusion, we studied the dynamics of
DNA replication and nucleoid segregation during the entire per-
sistence cycle (Fig. 4B and movie S6). HU-GFP “stains” the chro-
mosome uniformly and colocalizes with DAPI staining as shown
previously (37). Note that the microfluidics growth conditions used
with this strain were different from those used above. Since the
strain is unable to grow in MOPS-glucose medium, the experiment
was performed in LB medium. Similar phenotypes were observed
under these conditions, and six additional persister cells were
analyzed.

During the growth phase before the ofloxacin treatment, fluo-
rescence was diffuse within the cells and occupied a large volume
of the cytoplasmic space (Fig. 4B, panels 1 and 2). Quantification
of the level of fluorescence immediately before the treatment for
358 nonpersister cells and 6 persister cells revealed that both cell
types contained similar cellular DNA amounts [1240 + 181 AU
(arbitrary unit) and 1263 + 160 AU, respectively; Fig. 4D]. Upon
ofloxacin treatment, fluorescence coalesced at mid-cell, indicating
nucleoid compaction (Fig. 4B, panel 3), a phenomenon reported to
rely on an active SOS response (38). After removal of ofloxacin, the
persister cell elongated, and fluorescence expanded within the fila-
ment to occupy most of the cytoplasmic space (except near the
poles of the filament), suggesting that DNA replication had resumed
(Fig. 4B, panel 4). With time, fluorescence in the distal regions of the
filament separated into large foci, indicating that chromosome segre-
gation was occurring (Fig. 4B, panel 5). Cell division then occurred
at multiple positions within the distal regions, giving rise to daughter
cells that contain DNA and are able to divide. Two DNA-free cells
originating from the poles of the filament were cast off (Fig. 4B,
panels 6 to 8).
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Fig. 3. Persister cells are characterized by a maximal induction of the SOS response during the early recovery phase. (A) Distribution of mean fluorescence is
represented at the population level for the wild-type strain containing the psulA::gfp reporter plasmid during time-lapse microscopy in the microfluidic chamber before
treatment, during treatment (5 hours of ofloxacin treatment), and after antibiotic removal (3.5 and 8.5 hours of recovery). Red dots indicate mean fluorescence of individual
persister cells (n = 23) at the corresponding time points. Blue dots indicate mean fluorescence of a random subset of nonpersister cells (n = 14) at the corresponding time
points. (B) Mean fluorescence (i.e., fluorescence per square millimeter) of the population is compared with that of persister cells in the same experiment as in (A). Bars
represent mean values and error bars represent SEM. Student’s t-tests were used to identify significant differences (***P < 0.001). Dataset sizes are given in (A) for the
population and are of n = 23 for persister cells. (C) Fluorescence dilution in persister cells solely accounts for the loss in fluorescence after SOS maximal induction peak. As
an example, mean fluorescence of persister p17 is represented as a function of cell area after SOS maximal induction (circles). An inverse model (y = ax"") regression line
was used to fit the experimental data points (red line). Determination coefficient is indicated next to the regression line.
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Fig. 4. Characterization of persister filaments. (A) Persister cells filamentation does not solely rely on the SOS response. Fluorescence microscopy snapshots of persister
filaments of the wild-type strain (left), the SOS OFF mutant (middle), and the ASulA mutant (right) during recovery in microfluidic time-lapse experiments are shown. The
different strains contain the psulA:gfp reporter plasmid. Persister filaments are indicated by a red arrow. (B) Persister cells form polynucleated filaments during recovery.
Fluorescent microscopy snapshots of the MG1655 strain containing the hupA::gfp reporter during time-lapse experiments in the microfluidic chamber are shown. The red
arrow indicates a persister cell during the growth and treatment phases. White arrows indicate DNA-free regions separating well-segregated nucleoids within the filament.
A DNA-free pole of the persister filament is boxed in red. Time at which pictures were taken is indicated at the bottom-left corner of each image. (C) Persister filament
maximal area is slightly decreased in a ASulA mutant during recovery. The maximal area (um®) of persister filaments was monitored for the MG1655 wild-type strain and
the isogenic ASulA mutant. Bar graphs represent mean values, and values for all persister cells are plotted as dots. A Student'’s t-test was performed between data for the
wild-type strain and the ASulA mutant (*P < 0.05). (D) Persister cells do not contain reduced levels of DNA before the ofloxacin treatment. Fluorescence of the MG1655
wild-type strain containing the HU-GFP reporter plasmid is represented for persister (bars) and nonpersister cells (black dots) within a same microcolony immediately
before ofloxacin treatment during time-lapse microscopy in the microfluidic chamber. The number of cells within every microcolony is n =25 (p1ny), n =31 (p2nu), n = 24 (P3nu),
n =38 (p4nu), N = 188 (p54u), and n = 52 (pbuy).
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Cell division is a late and limiting step of persister cells
recovery, which requires a functional SOS response

In Fig. 4B (panels 5 and 6), fluorescence in a large central portion of
the filament did not coalesce into foci, indicating that nucleoid seg-
regation did not occur. This portion of the filament lysed over the
course of several hours as evidenced by the loss of contrast and flu-
orescence (Fig. 4B, panels 6 to 8). Thus, cell division only occurs
following nucleoid segregation. We next asked whether persister
cells had reached their maximal growth rate during cell filamentation
or only after the first cell division event. We therefore measured the
elongation rate of the 23 wild-type persister filaments and found that
exponential growth takes place within persister filaments, before
the first cell division, at a rate comparable to the mean population
growth rate in normal growth conditions (doubling time values of
90 * 42 min and 76 * 9 min, respectively). As previously observed
for the SOS induction, the doubling time of persister filaments was
highly heterogeneous, ranging from 189 min for the slowest recovery
to 44 min for the fastest recovery. Elongation continued for several
hours (5.5 + 1.5 hours) before cell division resumed. Although all
persisters that eventually resumed robust growth had initially under-
gone extensive filamentation, only 21% of the wild-type filaments
that appeared during recovery were able to resume cell division and
to generate a viable progeny. This abortive recovery was even more
notable in the SOS OFF mutant, in which filamentation occurred at
a similar frequency than in the wild-type strain (0.053 and 0.074%,
respectively), with only 5% of the filaments able to generate a viable
progeny. The higher failure rate in this mutant underlines the impor-
tance of SOS-dependent DNA repair for cell division to resume.

Persister cells are not slow growers before

exposure to ofloxacin

As mentioned above, it is commonly thought that persister cells
arise from subpopulations of nongrowing or slow-growing cells. To
determine whether the persister cells that we observed belonged to
this definition, we quantified the growth rate of persister cells, of the
random subset of sensitive cells previously described, and of the
bulk of the population. For this purpose, we defined a metric called
“single-cell instantaneous growth rate,” or SIGR. As an example,
Fig. 5 shows the tracking of persister p22 during the growth phase,
before antibiotic treatment. Cell area is measured at every time
point during growth, giving rise to a typical saw-tooth profile
(Fig. 5, A and B) reflecting cell elongation and cell division cycles.
The drop in cell area due to cell division events was compensated by
adding the area of the cell of interest to that of its sister cell generated
by the same division events and that of the sister cells generated at
the previous division events (Fig. 5A). This calculation yielded a linear
increase in cell area as a function of time. The SIGR is defined as the
slope (um?*/hour) of the regression line used to fit the data during
the last 1.5 hours of the growth phase (Fig. 5C) and corresponds to
the rate at which a cell elongates immediately before the ofloxacin
treatment.

A first important observation is that the SIGR of both persister
and susceptible cells is heterogeneous and follows a normal distri-
bution (Fig. 5D). If we consider the mean SIGR for persisters, then
a slight but significant decrease was observed in persister cells
as compared to the population (0.83 + 0.41 pm?*/hour versus
1.02 + 0.38 um*/hour, respectively; P = 0.03; Fig. 5E). However, it is
well known that trivially small effects will be found very significant
with very large sample sizes (here, n = 4700 for the population), as a
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result of increased statistical power (1 — B) (39). The risk is then to
perform a highly sensitive test detecting very small size effects and
therefore being meaningless. To circumvent such drawback in signifi-
cance testing, we tested whether we could find a significant difference
between persister cells and the subset of randomly chosen nonpersister
cells, but this was not the case (0.83 + 0.41 um?*/hour versus
0.93 + 0.35 um*/hour, respectively; P = 0.48; Fig. 5E). To conclude,
our data strongly suggest that persister cells are not slow growers.

DISCUSSION

In this work, we set up a unique experimental framework for tracking
and monitoring persister cells during steady-state growth using
microfluidics coupled to time-lapse microscopy. To our knowledge,
it is the first time that persister cells originating from a wild-type
E. coli strain in steady-state growth were observed at the single-cell
level from the initial growth phase before the antibiotic treatment to
the recovery phase after antibiotic removal. The SIGR and the
induction of the SOS response were monitored in 23 persister cells, in
a subset of 14 randomly chosen ofloxacin-sensitive cells, and in the
bulk of the population. Our data indicate that these two parameters
are highly heterogeneous both in persisters and in sensitive cells.
Analysis of the SIGR before the ofloxacin treatment revealed that
persister cells do not constitute a slowly growing subpopulation
of cells. Our results thus rule out the “slow growth” hypothesis in
steady-state growth conditions in E. coli wild-type cells. In addition,
we observed that persister cells endure similar levels of DNA damages
as compared to sensitive cells during ofloxacin treatment, as judged
by comparable SOS induction and morphological changes such as
DNA compaction.

What makes persister cells distinguishable from their sensitive
siblings is, by definition, the ability to recover from the antibiotic
treatment. The persister cells that we observed here present unique
characteristics at the time of recovery: Upon ofloxacin removal, the
SOS response continuously increased in the 23 persister cells, reaching
a maximal peak at 3.6 + 2.4 hours of recovery. Again, the behavior
of persister cells was heterogeneous. In about half of the persister
cells, the SOS response gradually increased during the treatment
and the recovery phase, while in the other half, a plateau was reached
during the treatment, and the SOS response sharply increased in the
early recovery phase. Concomitantly, with the increase of the SOS
induction, persister cells were forming long filaments. We speculate
that filamentation leads to a decrease of the intracellular concentration
of ofloxacin that might allow partial resumption of DNA replication
and/or chromosome decatenation, as observed in cells expressing
the HU-GFP fusion. However, some ofloxacin-poisoned topoisomerase
complexes may remain and block replication and transcription
machineries, provoking replication forks to collapse and generating
double-stranded DNA breaks. This would account for the continuous
induction of the SOS response during early recovery. We observed
that with time, cell division resumed at multiple locations within
the filaments, giving birth to viable cells but only in the regions
where nucleoid segregation occurred as judged by the HU-GFP
fluorescence. This observation suggests a tight coupling between
replication/segregation and cell division. Cell filamentation was
also observed in a ASulA mutant, although filaments were of smaller
size as compared to the wild-type filaments. It is possible that in
the wild-type strain, both SulA-dependent and independent mech-
anisms (such as SImA or DamX) might contribute to cell division
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Fig. 5. Slow growth is not a general rule for persister cells. (A to C) Schemes illustrating the methodology used to measure SIGR. Briefly, elongation was monitored at
the single-cell level during the growth phase (A). Cell area was plotted against time for persister p22 as an example, yielding a characteristic saw-tooth profile, with positive
slopes corresponding to cell elongation and negative slopes corresponding to cell division (B). The drop in cell area due to cell division events is compensated as
described in the text, giving rise to a linear increase in cell area as a function of time (shown for persister p22 as an example). SIGR is defined as the slope of that line for
the last six time points (90 min) before the antibiotic treatment (C). (D) Distribution of SIGR for 4700 nonpersister cells. Red and blue dots indicate the SIGR of 23 persister
cells and the 14 randomly chosen ofloxacin-sensitive cells, respectively. (E) Comparison of the SIGR values for the population, the persister cells, and the random subset
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inhibition (40, 41). Mutants incapable of inducing the SOS response
were found to generate as many filaments as the wild-type strain but
with a much higher chance of abortive recovery. Some SOS-dependent
repair functions such as RecA-mediated homologous recombination
and RuvAB-dependent recombination are most probably required
to repair DNA lesions at the time of recovery as it has been suggested
previously (23, 26, 42).

While this work paves the way for persister cells observation and
characterization, a number of questions remain open. Whether persister
cells are in a dormant, metabolically inactive state has been addressed
by several laboratories using different models (e.g., stationary-phase
or exponentially growing cells, artificial systems to induce persistence

Goormaghtigh and Van Melderen, Sci. Adv. 2019; 5 : eaav9462 19 June 2019

such as overexpression of toxins or pretreatment with bacteriostatic
antibiotics or any chemical that stop bacterial growth) and still
remains under investigation [see e.g., (8, 10, 11, 28, 42-46)]. In
M. smegmatis, the question of dormancy before treatment was
addressed at the single-cell level by different groups. While the
McKinney group showed that single-cell growth rate before INH
(a mycolic acid synthesis inhibitor) treatment does not correlate
with persistence (15), the Fortune group showed that there is a
correlation: Fast-growing cells are more sensitive to different
antibiotics, notably INH and peptidoglycan synthesis inhibitors
(47). However, slow-growing cells were as sensitive to rifampicin, a
transcription inhibitor (47). From these different works, it appears
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quite clear that dormancy alone is not sufficient to make cells per-
sistent. Independent laboratories showed both in vitro (10, 11) and
in vivo (48) that, while dormant cells generate the highest fractions
of persister cells, they are very rare, thereby limiting their overall
impact. It was also proposed that persister cells to fluoroquinolones
are induced by the antibiotic via the induction of the SOS response
rather than being stochastically generated and preexisting the treat-
ment (23). There is no doubt that the SOS system contributes to
persistence to ofloxacin, as SOS mutants show a drastic reduction in
persister frequency (23, 26, 49). As mentioned above, SOS-dependent
repair functions are most likely important for persistence. However,
our data are indicating that TisB is not essential for persistence in
the conditions that we tested. Since the level of SOS induction in
persister cells during the ofloxacin treatment is comparable to that
of the population, it indicates that SOS is not sufficient for persistence
and that yet unknown physiological parameters are involved. In
addition to the primary antibiotic-target interactions, several recent
reports are showing that global downstream changes in gene expres-
sion occur upon exposure to antibiotic, leading notably to the rewiring
of the entire metabolism and, as for fluoroquinolones, the induction of
stress responses. These changes in cell physiology play an important
role in the antibiotic-mediated lethality and likely persistence (50-54).
Therefore, it is essential to better characterize the physiology of
persisters at the single-cell level to be able to determine whether or
not persister cells are in a particular state before the antibiotic
treatment. The complexity and the plasticity of the bacterial physi-
ology as well as the great heterogeneity of persister cells found in
this work emphasize the need to study persisters on a case-by-case
basis at the single-cell level and reinforce the idea that attempting to
reduce persistence to a unique and defined trait may lead to a great
oversimplification of the persistence phenomenon (17, 20).

As stated above, the differences between persister and sensitive
cells highlighted here occur at the time of recovery, when persisters
are elongating and undergoing a second SOS induction. While
filamentation appears to be a hallmark of persister cells, it appears
not to be sufficient, as only 20% of the filaments are able to give rise
to viable cells. The kinetics and maximum of SOS induction during
the recovery phase are variable from one persister to the other, indi-
cating that the extent and the timing of induction of SOS do not
represent a limiting step for persister cells recovery. However, we
monitored the SOS response using a single reporter fusion (psulA::gfp).
Fluctuation of the expression level of other SOS functions notably
those involved in DNA double-stranded break repair, also occurs
and influences the efficiency of DNA repair and thereby the genera-
tion of viable cells at the time of recovery. We cannot exclude cell-
to-cell heterogeneity of other functions such as porins or active
efflux pumps that would decrease the intracellular ofloxacin con-
centration in persister cells and thereby contribute to persistence
(16, 55). As a follow-up of this initial analysis, it will be important to
dissect the recovery phase process by expanding the number and
nature of fluorescent reporters and by determining the molecular
mechanism involved in cell filamentation.

MATERIALS AND METHODS

Bacterial strains and plasmids

Strains and plasmids used in this study are described in table S1.
Strains are MG1655 derivatives (56). P1 transduction was used to
introduce the lexA3 malB::Tn9 allele (SMR820 strain, provided by
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S. Rosenberg) in MG1655, the AsulA::kan allele [obtained from the
Keio collection (57)] in MG1655, and the lexA51 malB::Tn9 allele
(SMR4568 strain, provided by S. Rosenberg) in MG1655. The tisAB
locus was deleted using the mini-A system (58) and the pKD3 plasmid
as template DNA for amplification of the chloramphenicol resistance
cassette [AtisAB, 5* GTGCCGTCAGCGCCTTAACCCCGCGT-
GAGCACACTGTGTTGTGTAGGCTGGAGCTGCTTC (forward);
5" GGTTTCCCGCTCCCCTTTGGTGCGACTTGAATCTGAAT-
TACATATGAATATCCTCCTTA (reverse)] as described by Datsenko
and Wanner (59). The kanamycin and chloramphenicol resistance
cassettes associated with sulA and tisAB deletions were removed by
using the helper pCP20 thermosensitive plasmid encoding the FLP
recombinase as described by Datsenko and Wanner (59). The
fluorescence-based two-color system comprising two compatible
plasmids (pET-GFP and pC17-Crimson) (28) was transformed in DJ624
(60), a derivative of MG1655 carrying a lacI 9 allele to allow for enhanced
repression of the IPTG-inducible promoter upstream of the gfp gene.

Media and growth conditions

Experiments were performed in MOPS-based medium supplemented
with 0.4% glucose prepared as described (61). Strain constructions
by P1 transduction and microfluidic experiments with the hupA::gfp
strain were performed in LB medium.

Persistence assays

Persistence assays were essentially performed as described in (61)
with increased sampling frequency. Ofloxacin was used at 5 pg/ml,
corresponding to 60-fold the MIC for the MG1655 wild-type strain.
The frequency of persistence was calculated as the ratio of the number
of colony-forming units per milliliter at a given time to the number
of colony-forming units per milliliter at the treatment time.

MIC determination

MIC measurements were performed using the agar dilution method
as described in (62). Briefly, overnight cultures were spotted on LB
plates containing increasing concentrations of ofloxacin. The MIC
value was defined as the lowest concentration of antibiotic inhibiting
growth.

Transcription and translation activity

The DJ624 strain containing the pET-GFP and pC17-Crimson plasmids
(28) was grown overnight in MOPS-based medium supplemented
with 0.4% glucose and diluted to an ODggonm of ~0.01 in the same
medium. Cultures were grown for 5 hours to mid-log phase
(ODgoonm ~0.3) and then treated with ofloxacin (5 pg/ml) and/or
1 mM IPTG. Samples were analyzed by flow cytometry at given time
points as described below. Red fluorescence was used as a control
since the Crimson protein is constitutively produced. Green fluores-
cence was monitored to assess transcription and translation activity.

Analysis of SOS induction at the population level by

flow cytometry

Overnight cultures grown in MOPS-based medium supplemented
with 0.4% glucose were diluted to an ODggonm 0f ~0.01 in the same
medium. Cultures were grown for 5 hours to mid-log phase
(ODgoonm ~0.3) and diluted in phosphate-buffered saline (PBS)
buffer before injection into an Attune NXT flow cytometer. In each
experiment, 75,000 events were analyzed with a blue laser (488 nm)
and a 530/30 emission filter for GFP and with a yellow laser (561 nm)
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and a 620/15 emission filter for Crimson (red fluorescence). Subsequent
analyses were performed using Flow]Jo 10.4 and MATLAB (R2017b,
MathWorks), assisted by custom-made scripts.

Viability testing by flow cytometry

The MG1655 strain carrying the psulA::gfp reporter plasmid was
grown to mid-exponential phase (ODgoonm ~ 0.3) in MOPS-based
medium supplemented with 0.4% glucose and subsequently treated
with ofloxacin (final concentration of 5 pug/ml). One-milliliter samples
were withdrawn before antibiotic treatment and after 5 hours of
ofloxacin exposure and were either left at room temperature for
1 hour, exposed to strong heat shock (72°C) for 1 hour, or treated
with 70% isopropyl alcohol (final concentration) for 1 hour at room
temperature. Samples were washed in PBS and then stained with PI
(final concentration of 10 pg/ml) and DAPI (final concentration of
10 pg/ml) and incubated at room temperature in the dark for 20 min.
Cells were washed in PBS, resuspended to a final ODggpnm ~ 0.01,
and analyzed by flow cytometry. Seventy-five thousand events were
analyzed with a blue laser (488 nm) and a 530/30 emission filter for
GFP, with a yellow laser (561 nm) and a 620/15 emission filter for PI
and with a violet laser (405 nm) and a 440/50 emission filter for
DAPI. Analyses were further performed using FlowJo 10.4. High
fluorescent gates were designed on a nonfluorescent control, i.e., a
culture of exponentially growing MG1655 wild-type cells carrying a
promoterless pUA66(gfp) plasmid (with no staining). High fluorescent
gates were set to 400, 400, and 600 AU for GFP, PI, and DAPI,
respectively. The fraction of highly fluorescent cells was defined as
the number of highly fluorescent cells divided by the total number
of cells.

Real-time cellular imaging in microfluidic culture device

The commercially available microfluidic culture device CellASIC
ONIX B04A-03 Microfluidic Plate (Millipore, USA) and the CellASIC
ONIX Microfluidic System were used. The microfluidic BO4A plate
is made of four independent units, each containing five inlet wells,
a cell inlet, a cell outlet, and a large outlet well. Each row of wells
connects the corresponding culture chamber. The plates were pre-
primed with a PBS solution. The culture chamber dimensions are
2.0 mm by 1.2 mm in area with trap heights 0f 0.7, 0.9, 1.1, 1.3, 2.3,
and 4.5 um, respectively. The microfabricated chamber gently holds
cells against the glass imaging surface to maintain a single focal
plane during perfusion-based imaging experiments. Before each
microfluidic experiment, a preculture step was performed in 10 ml
of MOPS-based medium supplemented with 0.4% glucose in flasks
at 37°C with orbital shaking at 180 rpm. Flasks were inoculated with
an isolated colony grown on LB solid medium overnight. At mid-
log phase, cells were harvested by centrifugation and washed two
times in PBS. Cells were then suspended in MOPS-based medium
supplemented with 0.4% glucose and diluted to a final ODgggpp, Of
around 0.03. A 100-pl aliquot of the final solution was injected in the
inoculation well of the microfluidic plate. Cells were injected in the
culture chamber in which they were trapped, and they grew in a single
focal plane. In this chamber, cells were under continuous perfusion
of culture medium due to the five inlets. Detailed protocols for the
cell loading and cell culture can be found in the user guide provided
by the supplier. Image acquisition was performed at 15-min intervals.
Temperature was set at 37°C during the time of the experiment, and
the microfluidic chamber was placed on a 100x oil immersion
objective on an inverted microscope (Axio Observer, Zeiss, Germany).
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[lumination was provided by an HXP (mercury short-arc) lamp
(120 V). For fluorescence measurements, 38 high-efficiency filter
set was used (Zeiss, Germany). Images were collected with a
Hamamatsu ORCA-Flash 4.0 digital camera. Image analysis was
performed with the freeware Fiji (63), using the Microbe] plugin
(64), and data analyses were performed in MATLAB (R2017b,
MathWorks), assisted by custom-made scripts.

Selection of a random subset of 14 nonpersister cells
Numbers were assigned to all cells at treatment time during micro-
fluidic assays using the Microbe]J plugin in Image]. Cells were
chosen by running the “randi” function in MATLAB, thereby
creating sequences of pseudorandom numbers among the set of
previously identified cells. In this process, two constraints were
applied: First, the 14 nonpersister cells were equally distributed
among seven independent microfluidic experiments, and second,
two different nonpersister cells could not be chosen from the same
microcolony.

Significance tests

Student’s ¢ test was used for two-group comparisons. Comparison
between persister cells fluorescence at different time points was
performed using paired two-tailed ¢ test. Comparison of the popu-
lation at different time points was performed using unpaired two-
tailed ¢ test. Comparison of persister cells with the population was
performed using unpaired two-tailed ¢ test. Analyses were performed
using MATLAB (R2017b, MathWorks) assisted by custom-made
scripts.

Correlation tests

Spearman rank order coefficient was determined as the relationship
between the variables (log;o survival and log;y mean fluorescence)
was shown to be nonlinear (sigmoidal).

Measuring cell-to-cell heterogeneity

QCV was used, as it is considered far more robust to outliers than
the CV (coefficient of variation) and is a valid metric for skewed
distributions on the contrary to the CV. The QCV is defined as the
interquartile range (a robust measure of spread) divided by the
median (a robust measure of central tendency).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/6/eaav9462/DC1

Table S1. Bacterial strains and plasmids used in this work.

Fig. S1. The level of induction of the SOS reporter is likely to reflect the extent of DNA damage.
Fig. S2. Growth and fluorescence profiles of 23 persister and 14 nonpersister cells before,
during, and after ofloxacin treatment.

Movie S1. Single-cell imaging of 10 representative ofloxacin persister cells in an active growth
state before the antibiotic treatment.

Movie S2. Spontaneous induction of the SOS response does not lead to persistence.

Movie S3. Single-cell imaging and monitoring of a slow-growing ofloxacin persister cell.
Movie S4. Single-cell imaging and monitoring of a fast-growing ofloxacin persister cell.

Movie S5. Persister cells elongation does not rely on the SOS response.

Movie S6. DNA localization and dynamics in ofloxacin persister cells.
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