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Abstract

Bacterial persistence is a phenomenon in which a small fraction of isogenic bacterial
cells survives a lethal dose of antibiotics. It is generally assumed that persistence is
caused by growth-arrested dormant cells generated prior to drug exposure. However,
evidence from direct observation is scarce due to extremely low frequencies of persisters,
and is limited to high persistence mutants or to conditions that significantly increase
persister frequencies. Here, utilizing a microfluidic device with a membrane-covered
microchamber array, we visualize the responses of more than 106 individual cells of
wildtype Escherichia coli to lethal doses of antibiotics, sampling cells from different
growth phases and culture media. We show that preexisting dormant persisters
constitute only minor fractions of persistent cell lineages in populations sampled from
exponential phase, and that most persistent cell lineages grew actively before drug
exposure. Actively growing persisters exhibit radical morphological changes in response
to drug exposure, including L-form-like morphologies or filamentation depending on
antibiotic type, and restore their rod-like shape after drug removal. Incubating cells
under stationary phase conditions increases both the frequency and the probability of
survival of dormant cells. While dormant cells in late stationary phase express a general
stress response regulator, RpoS, at high levels, persistent cell lineages tended to show
low to moderate RpoS expression among the dormant cells. These results demonstrate
that heterogeneous survival pathways may coexist within bacterial populations to
achieve persistence and that persistence does not necessarily require dormant cells.

Introduction 1

Antibiotics are potent chemotherapeutic substances that are heavily relied upon to 2

counter bacterial infectious diseases. Nonetheless, bacterial cells often circumvent 3
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elimination and continue to survive under antibiotics exposure by acquiring genetic 4

changes to enhance their resistance or tolerance, or by producing less susceptible 5

phenotypic variants. Bacterial persistence is a phenomenon in which a small subset of 6

cells in an isogenic cell population survives for a prolonged period under exposure to 7

lethal doses of antibiotics [1–8]. The phenomenon occurs across a wide range of 8

combinations of bacterial species and antibiotics, including clinically important 9

pathogens [8], such as Mycobacterium tuberculosis [2, 9, 10], Staphylococcus 10

aureus [11, 12], and Pseudomonas aeruginosa [13]. Consequently, bacterial persistence 11

has been recognized as a global health concern [1–4,8, 9]. 12

Since the first elaboration of persistence [14], growth-arrested dormant cells 13

generated before drug exposure have been thought to be responsible for the persistence 14

of cellular populations [1–8]. This explanation of persistence was based on the 15

observations that most antibiotics were ineffective to bacterial cell populations under 16

growth-inhibiting conditions, such as low temperature, low nutrients, and presence of 17

bacteriostatic substances [14]. Persistence caused by such prior exposure to stressful 18

environments is now called triggered persistence [15]. If cells with inactive growth are 19

present even in actively growing cellular populations, these cells are likely to survive 20

antibiotic exposure for extended periods. However, examining this hypothesis by 21

directly observing individual cell lineages is challenging due to extremely low frequencies 22

of surviving cells (typically 10−6-10−3 [16]). Consequently, the evidence is limited to 23

high persistence mutants [17,18], to naturally high-persisting bacterial species [19], or to 24

conditions that significantly increase the frequencies of surviving cells [20, 21]. For 25

example, Balaban et al. utilized high persistence (hip) mutants of Escherichia coli [22] 26

and demonstrated that cells showing no or slow growth within actively growing 27

populations survived ampicillin (Amp) exposure [17]. Bakshi et al. performed 28

time-lapse experiments with E. coli and applied Amp to cells regrowing from stationary 29

phase [23], a known environmental condition that increases the frequency of persister 30

cells [24]. They demonstrated that cells that remained dormant even after removing 31

stationary phase conditions survived under subsequent Amp exposure [23]. 32

Despite these experimental demonstrations, it still remains elusive whether any 33

cellular traits other than dormancy could cause bacterial persistence. In fact, several 34

studies have suggested that persistence occurs without dormant cells. For example, 35

using a cell-sorting assay Orman and Brymildsen showed that even the fast-growing 36

fraction of an exponentially growing E. coli population produced cells that survived 37

lethal doses of Amp and ofloxacin [25]. Wakamoto et al. conducted single-cell 38

observation of persistence of Mycobacterium smegmatis against isoniazid (INH), 39

revealing that the surviving cells grew normally before drug exposure [19]. These results 40

imply that bacterial persistence occurs even without dormant cells. However, the 41

survival of non-dormant cells is often deemed an exception in bacterial persistence [26]. 42

To investigate whether dormant cells are indeed predominantly responsible for 43

bacterial persistence, we visualized the response of individual cells to antibiotics 44

exposure utilizing a microfluidic device equipped with a membrane-covered 45

microchamber array (MCMA). This device allows us to directly observe the fates of 46

more than 105 individual bacterial cells. Using this device, we analyzed the persistence 47

of wildtype E. coli (MG1655 strain), one of the best-studied model systems of bacterial 48

persistence. Contrary to the prevailing view in the field, we reveal that most surviving 49

cells were actively growing before drug exposure when Amp was exposed to the cell 50

populations sampled from exponential phase. Non-dormant survivors exhibited radical 51

morphological changes under Amp exposure and survived by transitioning to L-form-like 52

cells. Cells that survived exposure to a fluoroquinolone antibiotic (ciprofloxacin, CPFX) 53

were also actively growing cells. These results reveal that multiple survival pathways are 54

available for persistence against the same drug depending on growth phases, and suggest 55
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that countering dormant cells is insufficient for eliminating bacterial persistence. 56

Results 57

The MCMA device unravels persistent single-cell lineages 58

We constructed an E. coli strain MF1 that expresses RpoS-mCherry from the native 59

rpoS locus on the chromosome. RpoS is a specialized sigma factor controlling the 60

general stress response [27], and its high expression has been suggested to predict 61

persistence [6]. This E. coli strain also expresses green fluorescent protein (GFP) from a 62

low copy plasmid [28] to facilitate visualizing individual cells. The minimum inhibitory 63

concentration (MIC) of MF1 against Amp was 16 µg/ml, which was the same as that of 64

its non-fluorescent parental strain MG1655 (Fig. S1A). 65

The population killing curve of MF1 sampled from exponential phase exhibited 66

biphasic or multi-phasic decay in LB medium containing 200 µg/ml of Amp (12.5×MIC, 67

Fig. 1A; see Fig. S2A for the growth curve of this strain). Therefore, this E. coli strain 68

exhibits persistence in this condition [15]. The decay rate markedly decreased under the 69

Amp exposure from 0.18±0.02 h−1 to 0.005±0.003 h−1 (Fig. 1A). The frequency of 70

persister cells evaluated at 3 h after the onset of Amp exposure was 4.2×10−6
71

(2.0×10−6-8.8×10−6) (Fig. 1A). 72

To visualize low-frequency persistent single-cell lineages, we used a microfluidic 73

device equipped with a membrane-covered microchamber array (MCMA; Fig. 1B, 1C, 74

and S3). E. coli cells were enclosed in the 0.8-µm deep microchambers etched on a glass 75

coverslip by covering microchambers with a cellulose membrane (Fig. 1C). E. coli cells 76

grow in a monolayer and form two-dimensional microcolonies in the microchambers 77

(Fig. 1C, 1D and S3). We can control medium conditions around cells flexibly by the 78

medium flow above the membrane (Fig. 1C and S3). Here, we used the method of 79

attaching cellulose membranes to glass coverslips via biotin-streptavidin binding, which 80

was developed previously and utilized for analyzing bacterial growth and 81

starvation [29–31]. 82

We conducted time-lapse single-cell observation of MF1 cells using the MCMA 83

device, sampling cells from exponential phase. We monitored 110-170 microchambers 84

with a 100× objective in each time-lapse experiment to observe individual cells with a 85

high spatial resolution. After initial pre-culturing periods of 1.5 h without Amp, we 86

exposed cell populations to 200 µg/ml of Amp for 3.5 h. The Amp exposure lysed most 87

cells (Fig. 1D-I, Movie S1, and Movie S2). However, we detected two single-cell lineages 88

that survived and regrew after the Amp exposure in the ten repeated experiments 89

conducted with the MCMA device (Fig. 1D-I, Movie S1, and Movie S2). Interestingly, 90

cells grew and divided actively before the Amp exposure in one of the persistent cell 91

lineages (Fig. 1D-F and Movie S1). In response to the Amp exposure, the cell in this 92

lineage radically changed its cell morphology from a rod shape to a round shape with 93

membrane blebbing and transitted to an L-form-like cell [32] (Fig. 1E and Movie S1). 94

After drug removal, many progeny of the surviving cell gradually restored rod shapes 95

through multiple cell divisions (Fig. 1D, 1E, and Movie S1). 96

The other surviving cell lineage exhibited no growth and division before and during 97

the Amp exposure and restarted growth after drug removal (Fig. 1G-I and Movie S2). 98

This sequence of growth behavior is consistent with the expected survival dynamics for 99

persistence caused by dormant cells [17]. 100

Hereafter, we refer to the surviving cells that exhibited no growth and division 101

before drug exposure (Fig. 1I) as dormant persisters and those that showed growth and 102

division (Fig. 1F) as non-dormant persisters. 103

The expression levels of RpoS-mCherry were low in all the observed cells, including 104
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Figure 1. Detecting E. coli persistent cell lineages against Amp in exponential phase cultures. A. Pop-
ulation killing curve. E. coli MF1 cells in exponential phase were exposed to 200 µg/ml of Amp, and the viable cell
density in the cell cultures at each time point was determined by a limiting dilution assay (see Materials and Methods).
The points and the error bars represent the means and the standard errors of the logarithm of the cell density among
three replicate experiments. The dashed curve represents the fitting of the triple exponential decay curve to the data:
N(t) = 2.53× 107 exp(−0.183t) + 2.84× 105 exp(−5.73× 10−2t) + 1.89× 102 exp(−4.88× 10−3t). B. A micrograph of the
microchamber array etched in a glass coverslip. C. Schematic drawing of cell cultivation in the MCMA device. Cells are
enclosed in the microchambers by a cellulose membrane cover. A culture medium flows above the membrane. The medium
in the microchambers is exchanged through diffusion across the membrane. Cells grow in a monolayer until they are
thoroughly packed in the microchambers. D. Time-lapse images of the microchamber with a non-dormant persister cell.
The right and middle image sequences show the RpoS-mCherry and GFP fluorescence images. The left image sequence
shows the merged images of bright-field (grayscale), GFP (green), and RpoS-mCherry (red) channels. The red line to the
left of the images indicates the images under Amp exposure. E. Enlarged micrographs of the cells in the non-dormant
persistent cell lineage in D. F. Single-cell lineage tree that produced the non-dormant persister. The lineage tree which
originated from the ancestor cell of the non-dormant persister cell is shown. The gray background indicates the period of
the Amp exposure. The bifurcations of the branches represent cell divisions. The endpoints of the branches under the
Amp exposure represent cell lysis events. G. Time-lapse images of the microchamber with a dormant persister cell. The
correspondence of the image sequences to the acquisition channels is the same as in D. The white arrows indicate the
dormant cell that eventually proliferated after the Amp exposure. H. Enlarged micrographs of the cells in the dormant
persistent cell lineage in G. I. Single-cell lineage tree that produced the dormant persister.
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the dormant persister cell characterized above (Fig. 1D, 1G, Movie S1, and Movie S2). 105

The suppression of RpoS expression in exponential phases in LB media is consistent 106

with the literature [27,33]. 107

Persisters are predominantly non-dormant in exponential-phase 108

cell cultures exposed to Amp 109

To further scale up single-cell observation, we next used a 40× objective and acquired 110

only bright-field images in the time-lapse measurements (Movie S3). These changes in 111

the microscopy configuration reduced the spatial resolution of acquired images and did 112

not involve acquisition of fluorescence images. However, most single-cell lineages could 113

still be tracked, and the drug response of more than 105 individual cells was observable 114

with a time-lapse interval of 3 min. 115

We again observed the response of the MF1 cells sampled from exponential phase 116

exposed to 200 µg/ml Amp for 3.5 h, detecting 12 persistent cell lineages (defined as 117

drug-exposed cells that survived Amp exposure and regrew after drug removal) among 118

3.0×105 drug-exposed cells (Movie S4-S6). We found that 10 out of 12 persistent cell 119

lineages were non-dormant cells that grew and divided actively before the Amp 120

exposure (Fig. 2A). 121

To test whether medium conditions influence persistence dynamics, as previously 122

suggested [34], we repeated the experiments with M9 minimal medium. The killing 123

curve of the E. coli MF1 cell populations sampled from exponential phase cultures in 124

M9 minimal medium shows a biphasic curve, confirming the occurrence of persistence in 125

this condition (Fig. S4; see Fig. S2B for the growth curve) and indicating a frequency of 126

persister cells that was 4-fold higher than in LB (Fig. S4). 127

Single-cell time-lapse measurements detected 24 persistent cell lineages that regrew 128

and divided after the exposure to 200 µg/ml of Amp for 6 h among 1.1×106
129

drug-exposed cells. Among them, we were able to determine the presence or absence of 130

growth and division of 19 persistent cell lineages, of which 17 were growing and dividing 131

before the Amp exposure (Fig. 2A and Movie S7-S9); the presence or absence of growth 132

and division of 5 persistent cell lineages was indeterminate due to defocusing of cell 133

images, crowding with neighboring cells, or translocation of cells within microchambers. 134

Therefore, the dominance of non-dormant persisters in exponential phase was 135

unchanged even in M9 medium. 136

Radical morphological changes of cell bodies were also observed in many 137

non-dormant cells in M9 medium, including those in the persistent cell lineages. 138

Surprisingly, some of the L-form-like cells crawled around like amoeba cells within the 139

microchambers, detaching and leaving some parts of their cell bodies behind (Movie 140

S10). Furthermore, rod-shaped regrowing cell populations emerged even from the small 141

and left-behind cell bodies (Movie S10). These observations reveal the abilities of E. coli 142

cells to sustain viability with abnormal morphologies and to restore rod shapes in the 143

absence of agents that induced morphological changes. 144

Stationary phase environments increase the frequencies of 145

dormant persisters 146

Several batch-culture assays have shown that stationary phase environments increase 147

the frequencies of persister cells in bacterial cell populations [15,16,24]. We therefore 148

sampled cells from early and late stationary phases in LB medium (Fig. S2A) and 149

exposed them to 200 µg/ml of Amp in both batch and single-cell cultures. 150

As expected, the population killing curves showed significantly higher frequencies of 151

surviving cells (Fig. 2B). The frequencies of surviving cells evaluated at the 3 h time 152
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Figure 2. Growth-phase-dependent survival modes in the persistence against Amp. A. Proportions of
dormant and non-dormant persisters. Purple and green bars represent the frequencies of dormant and non-dormant
persisters among the persistent cell lineages detected in the time-lapse measurements of the MF1 cells. Error bars
represent binomial standard errors. The number of cells categorized into each survival mode is shown above the
bar alongside the total number of persistent cells in each culture condition for which the presence or absence of
growth and division was distinguishable. The table shows the estimated total numbers of the drug-exposed cells
observed in the time-lapse measurements. B. Killing curves of cell populations sampled from different growth phases.
200 µg/ml of Amp was applied to E. coli MF1 cell populations sampled from exponential phase (magenta), early
stationary phase (blue), and late stationary phase (yellow). Points and error bars represent means and standard errors
of the logarithm of cell density among three replicate experiments. The data of the exponential phase is the same as
those shown in Fig. 1A. The dashed curves represent the fitting of the triple exponential decay curves to the data:
N(t) = 1.50 × 107 exp(−0.236t) + 1.89 × 105 exp(−2.80 × 10−2t) + 2.22 × 103 exp(−8.29 × 10−3t) for the early stationary
phase; N(t) = 1.07 × 107 exp(−0.203t) + 5.41 × 105 exp(−2.65 × 10−2t) + 1.07 × 105 exp(−2.45 × 10−3t) for the late
stationary phase.
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point were 4.7×10−5 (2.9×10−5-7.7×10−5) for the cell populations sampled from the 153

early stationary phase and 7.9×10−3 (4.8×10−3-1.3×10−2) for those from the late 154

stationary phase (Fig. 2B). 155

Single-cell time-lapse measurements with the 40× objective detected 28 persistent 156

cell lineages among 2.4×105 drug-exposed cells in populations sampled from early 157

stationary phase (Movie S11-S13). Among them, we were able to determine growth 158

states of 27 persistent cell lineages, of which 6 were non-dormant. However, the other 21 159

persistent cell lineages were dormant and exhibited no cell divisions before the Amp 160

exposure (Fig. 2A). Therefore, the proportions of dormant persisters increased 161

significantly in the cell populations sampled from early stationary phase. 162

For cell populations sampled from late stationary phase, we detected 69 persistent 163

cell lineages among 6.6×104 drug-exposed cells, finding that all but 3 indeterminate 164

lineages were dormant before the Amp exposure (Fig. 2A and Movie S14-S16). These 165

results show that the predominance of different survival modes against Amp depends on 166

the incubation duration under stationary phase conditions. 167

We found that many dormant cells sampled from late stationary phase remained 168

intact under Amp exposure but did not regrow even after the drug removal. We 169

confirmed that most of these were viable by propidium iodide (PI) staining (Fig. S5 and 170

Movie S17). Hence, it is plausible that these cells would eventually regrow as persisters 171

with long lags. In fact, it has been shown by the single-cell measurements with a mother 172

machine microfluidic device that the time to regrowth after drug removal is 173

heterogeneous among dormant cells [23]. It should be noted that these late regrowers 174

are detectable in the killing curve assay but not in the single-cell measurements with the 175

MCMA microfluidic device due to the overgrowth of the early regrowers. Consequently, 176

our single-cell measurements underestimate the frequency of persister cells in the 177

population sampled from late stationary phase. 178

Stationary phase environments enhance survivability of 179

dormant cells against Amp exposure. 180

To characterize the elongation and division dynamics of individual cells during the 181

pre-culturing period in the MCMA device, we performed time-lapse experiments with 182

cells sampled from early and late stationary phase using the 100× objective and 183

observed lags in their regrowth (Fig. 3A-C, Movie S18 and S19). While most cells 184

eventually restarted growth for populations sampled from early stationary phase, a 185

significant fraction of cells remained non-growing and non-dividing during the 186

pre-culture period of 2 h (Fig. 3B, C). The fractions of dormant cells in the cellular 187

populations estimated by the elongation rates of individual cells immediately before the 188

drug exposure were (5.0±1.8)×10−3 (n=1612), (2.4±1.0)×10−2 (n=251), and 0.26±0.02 189

(n=818) in the cellular populations sampled from the exponential, early stationary, and 190

late stationary phases, respectively (Fig. 3D-F). Therefore, the frequency of dormant 191

cells in the populations increased significantly under stationary phase conditions. 192

We next asked whether the elevations of the fractions of persisters against Amp in 193

the cellular populations sampled from the early and late stationary phases (Fig. 2B) 194

were explainable by the increased fractions of dormant cells in the populations (Fig. 3). 195

If the probability of dormant cells becoming persisters (sd) is independent of sampling 196

growth phases and only dormant cells can survive, the frequency of surviving cells in the 197

population (fp) estimated from the population killing curves should follow 198

fp = sdPd, (1)

where Pd is the fraction of dormant cells in the population. Since all the surviving cells 199

in populations sampled from late stationary phase were dormant persisters (Fig. 2A), 200
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Figure 3. Stationary phase environments increase the frequency of dormant cells and enhance their
survivability against Amp exposure. A-C. Representative single-cell lineage trees of cells sampled from exponential
(A), early stationary (B), and late stationary (C) phases. In these trees, cells were cultured under the flow of fresh
LB medium containing no drug. The cells sampled from early and late stationary phases had been maintained under
growth-suppressive conditions under the flow of conditioned media prior to t = 0 min (see Materials and Methods). D-F.
Elongation rate distributions before Amp exposure. We quantified the elongation rates of individual cells during the
time window of 30 min immediately before the Amp exposure. D, E, and F are the distributions for the cell populations
sampled from exponential, early stationary, and late stationary phases, respectively. The vertical dashed lines represent
the threshold value of elongation rate (0.013 min−1) used to calculate the fractions of dormant cells shown in the plots. G.
Relationship between the fractions of dormant cells (Pd) and the frequency of surviving cells against Amp exposure (fp).
The horizontal axis represents the fraction of dormant cells estimated in D-F. The vertical axis represents the frequency
of surviving cells estimated from the frequencies of surviving cells in the population killing curves in Fig. 2B at the time
point of 3 h after the Amp exposure. The error bars along the horizontal axis represent the binomial standard errors,
and those along the vertical axis represent the standard errors of the frequencies of the surviving cells. The purple line
represents fp = sdPd when sd was assumed constant and estimated by the values of fp and Pd for the late stationary
phase condition. The gray background indicates the error ranges of sd (1.5×10−2 - 4.6×10−2). The dashed line represents
the least-squares fitting of fp = eαPnd to the data in the log-log plot, and we found α = -2.4 ± 0.6 and n = 1.9 ± 0.2.
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we estimated sd as f
(late)
p /P

(late)
d = (3.0±1.6)×10−2 from the frequencies of surviving 201

cells (f
(late)
p ) and of dormant cells (P

(late)
d ) in populations from late stationary phase. 202

Then, we predicted the frequencies of persister cells from the frequencies of dormant 203

cells (Fig. 3D and E) in the populations sampled from exponential and early stationary 204

phases. 205

The results revealed that the observed frequencies of surviving cells in the 206

populations were significantly smaller than the frequencies predicted by Eq. 1 (Fig. 3G). 207

Note that the surviving cell frequencies under these conditions include the contributions 208

of non-dormant persisters (Fig. 2A). Hence, fp should be greater than the prediction of 209

Eq. 1 if sd were constant across the conditions. The result in Fig. 3G therefore indicates 210

that the dormant cells in the population sampled from exponential and early stationary 211

phases produced fewer surviving cells than expected from the frequencies of dormant 212

cells. We conclude that long incubation under stationary phase conditions enhanced the 213

survivability of dormant cells against the drug exposure. 214

Growth phase dependent correlations between RpoS expression 215

and persister trait 216

We examined expression levels of RpoS in individual cells, finding that dormant cells in 217

populations sampled from late stationary phase expressed RpoS at high levels at the 218

onset of the Amp exposure (Fig. 4A-F). Furthermore, we detected RpoS-mCherry foci 219

in many dormant cells from late stationary phase (Fig. 4G and H). This observation 220

suggests that many of the RpoS-mCherry proteins were encapsulated into protein 221

aggregates within the cells. This finding is consistent with previous results reported 222

by [21] that long incubations under stationary phase conditions deepen dormancy depth 223

and that the presence of protein aggregates characterizes the cells with deep dormancy. 224

Since dormant cells express RpoS at high levels and all the persisters emerge from 225

the dormant cell fraction, high RpoS expression is necessarily found as the trait of 226

persisters in the populations sampled from late stationary phase. However, dormant 227

cells in populations sampled from exponential and early stationary phase did not 228

necessarily express RpoS at high levels (Fig. 4A-F), and persister cells emerged even 229

from the non-dormant cell fraction (Fig. 2A). Therefore, high RpoS expression cannot 230

be a predictor of persister cells under these conditions. 231

Furthermore, in the populations sampled from late stationary phase, we noted that 232

RpoS expression levels in persistent dormant lineages tended to be lower than those of 233

all dormant cells (Fig. 4F, red points). The mean fluorescence intensity of 234

RpoS-mCherry of the persistent dormant cells was 533±80 a.u. (n=8) immediately 235

before the Amp exposure, whereas that of all the dormant cells was 758± 19 a.u. 236

(n=213; p=0.034, Welch’s t-test). Therefore, high RpoS expression is not necessarily 237

advantageous for dormant cells in terms of becoming persisters that can restart 238

proliferation after drug removal. 239

Actively growing cells produce persisters against ciprofloxacin 240

in exponential phase cultures 241

Having observed that the persisters against Amp in cellular populations sampled from 242

exponential phase were predominantly actively-growing cells, we next investigated 243

persistence against another antibiotic drug, ciprofloxacin (CPFX). While Amp is a 244

β-lactam antibiotic targeting cell walls, CPFX is a fluoroquinolone antibiotic targeting 245

DNA gyrase. MF1 cells in exponential phase in M9 minimal medium exposed to 246

1 µg/ml CPFX (16×MIC, Fig. S1B) exhibited a biphasic killing curve, confirming the 247
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Figure 4. Growth-phase-dependent expression levels of RpoS and its correlation with dormancy and
persistence. A-C. Distributions of RpoS-mCherry fluorescence intensity at the onset of Amp exposure. We evaluated
the mean fluorescence intensity of RpoS-mCherry (i.e., a proxy for the intracellular concentration) in individual cells at
the onset of the Amp exposure. The cells were cultured in the microchambers from exponential (A), early stationary (B),
and late stationary (C) phases under the flow of fresh LB medium. The gray background indicates the intensity range in
which the RpoS-mCherry fluorescence was indistinguishable from the background signals. D-F. Relationship between
pre-exposure elongation rate and RpoS expression. The horizontal axis represents the elongation rates of individual
cells immediately before the Amp exposure (see Fig. 3D-F for the distributions). The vertical axis represents the mean
fluorescence intensity of individual cells at the onset of the Amp exposure. The vertical dashed lines represent the threshold
elongation rate used to determine dormant cells. D, E, and F show the results for cells sampled from exponential, early
stationary, and late stationary phases, respectively. The red points in F indicate cells that regrew after the Amp exposure
of 3. 5 h. G. A representative micrograph of the MF1 cells sampled from late stationary phase. The merged image of
GFP and RpoS-mCherry fluorescence channels at the onset of the Amp exposure is shown. H. Enlarged micrographs of
the dormant cells in the image of G. a, b, and c correspond to the respective squared frames in G. The cell in a regrew
after the removal of Amp.
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presence of persistence in this condition (Fig. S6). The frequency of persisters evaluated 248

at the 3 h time point was 7.5×10−4 (4.5×10−4-1.3×10−3). 249

We conducted time-lapse experiments using the MCMA device (Fig. 5A, Movie S20, 250

and Movie S21), and detected 148 persistent cell lineages that regrew after the exposure 251

of 1 µg/ml CPFX for 6 h among 8.3×105 drug-exposed cells. We found that cells grew 252

and divided before the CPFX exposure in the detected persistent cell lineages (with 32 253

indeterminate lineages) (Fig. 5, Movie S20, and Movie S21). Unlike Amp, the CPFX 254

exposure did not lyse cells but arrested their growth and division, including those in the 255

persistent cell lineages. After the removal of CPFX, the persister cells resumed growth 256

and became filamentous. The filamentous cells restarted cell divisions and produced 257

normal-sized, and normally growing and dividing, progeny cells. These results 258

confirmed that persisters against CPFX in exponential phase were also non-dormant 259

cells and thus persistence via non-dormant cells is not limited to Amp. 260

Discussion 261

Time-lapse single-cell observations with the MCMA microfluidic device enable direct 262

visualization of persister cells existing at extremely low frequencies in isogenic bacterial 263

cell populations. Contrary to the widely accepted view that pre-generated dormant cells 264

are responsible for persistence, we found that actively growing cells produced persisters 265

predominantly when the antibiotics were applied to the cellular populations sampled 266

from exponential phases (Fig. 2A). Frequencies of dormant persisters increased in the 267

cellular populations sampled from the early and late stationary phases (Fig. 2A). These 268

results show that multiple survival modes are available for E. coli cells to achieve 269

persistence even against the same drug. Furthermore, distinct survival modes coexisted 270

within single persistent cell populations. In such cases, population-based analyses on 271

bacterial persistence with an assumption of a single underlying mechanism would 272

provide blurred results and bias our understanding of the phenomenon. 273

Interestingly, the predominant persisters against Amp in the cellular populations 274

sampled from the exponential phases exhibited radical morphological changes and 275

transitioned to the cell shapes that resemble L-form cells (Fig. 1D and E). L-form 276

bacteria are deficient in cell walls but can sustain growth and division under 277

osmoprotective conditions [32,35]. L-form cells can be produced by treating bacteria 278

with exogenous lytic enzymes or β-lactam antibiotics under osmoprotective 279

conditions [35]. It is known that L-form bacteria are resistant to most antibiotics 280

targeting cell wall synthesis, particularly β-lactams [32,35]. Therefore, if the L-form-like 281

cells produced by the Amp exposure could manage to protect themselves from osmotic 282

pressure, they might be able to persist for an extended period under the Amp exposure. 283

Since L-form cells are often found as antibiotic-resistant organisms and isolated from 284

humans and animals in infectious diseases [35], this survival mode might be relevant to 285

clinical settings. However, we also remark that such L-form-like cells did not appear 286

upon CPFX exposure. Therefore, the transitions to L-form-like cells might be the 287

general characteristics of non-dormant persisters against Amp and other β-lactam 288

antibiotics, but these would not apply to the other non-β-lactam antibiotics. 289

In the time-lapse observations of the cells exposed to Amp, we found that some of 290

the L-form-like cells crawled around in the microchambers. To the best of our 291

knowledge, this is the first characterization that E. coli cells can exhibit such amoeboid 292

migration. In eukaryotes, it has been shown that cells can migrate by blebbing in 293

confined structures such as three-dimensional cultures and in vivo as an alternative to 294

the lamellipodium-based motility [36]. Blebbing migration is driven by pressure rather 295

than due to polymerizing actin filaments pushing against the membrane [36]. Therefore, 296

a mechanism similar to blebbing migration may underlie the amoeboid migration 297
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Figure 5. Detecting E. coli persistent cell lineages against CPFX. A. Time-lapse images of the microchamber
that produced a persister against CPFX. The right and middle image sequences show the RpoS-mCherry and GFP
fluorescence images. The left image sequence shows the merged images of GFP (green) and RpoS-mCherry (red) channels.
The white arrows indicate the cells in the persistent cell lineage. B. Enlarged micrographs of the cells in the persistent
cell lineage. C. Single-cell lineage tree that produced the persister cell. Unlike lineage trees under Amp exposure, the
CPFX exposure did not lyse the cells. The black arrow indicates the persister cell lineage that regrew after the 6 h CPFX
exposure.
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observed in the L-form-like E. coli cells produced by the Amp exposure. 298

The result that the incubation under stationary phase conditions enhanced the 299

survivability of dormant cells against the Amp exposure (Fig. 3G) indicates that the 300

states of dormant cells were not identical across the growth phases. In fact, many 301

dormant cells in the populations sampled from the late stationary phase expressed RpoS 302

at distinctly high levels in aggregated forms (Fig. 4F-H). It is important to note that 303

many dormant cells sampled from the late stationary phase remained viable under the 304

Amp exposure (Fig.S5 and Movie S17). Since it is reported that the time to regrowth of 305

dormant cells after drug removal is heterogeneous among dormant cells [23], it is 306

plausible that these cells would eventually regrow after long lags. However, these late 307

regrowers cannot significantly contribute to the regrowing cell populations due to the 308

exponential penalties from the delay of regrowth. It is also noteworthy that, in the 309

cellular populations sampled from the late stationary phase, the RpoS expression levels 310

of the dormant persisters that regrew after drug removal tended to be lower among the 311

dormant cells (Fig. 4F). This observation may be consistent with a previous report that 312

cells with shallow dormancy depth could restart proliferation quickly and become the 313

main progenitors of the future population after drug removal [21]. 314

As demonstrated here, our MCMA device can detect the persister cells existing at 315

frequencies of 10−5 within a cellular population. This is the order at which one can 316

detect persisters in most combinations of bacterial species and antibiotics, including 317

clinically important ones [9, 12,24]. Since multiple survival modes have been 318

characterized in E. coli persistence, it would be crucial to unravel how individual cells 319

of each bacterial species persist under various conditions of antibiotics exposure. Direct 320

single-cell observations would unmask the diversity of persistence mechanisms and might 321

enable rational designs of antibiotic treatments against bacterial infectious diseases. 322

Materials and Methods 323

E. coli strains and culture conditions 324

The main strain used in this study is E. coli strain MF1 (MG1655 325

rpoS-mcherry/pUA66-PrplS-gfp). pUA66-PrplS-gfp is a low-copy plasmid taken from the 326

E. coli promoter library [28]. In the propidium iodide (PI) staining experiment, we used 327

MG1655/pUA66-PrplS-gfp since the PI emission spectrum overlaps with that of 328

mCherry. We also used the MG1655 strain as a control in the MIC measurements. 329

To construct the MF1 strain, the mcherry gene was integrated downstream of the 330

rpoS locus on the chromosome to express the RpoS-mCherry fusion protein from the 331

native locus. We used the λ-Red recombination to integrate the mcherry gene [37]. 332

We cultured the cells with either Luria-Bertani (LB) broth (Difco) or M9 minimal 333

medium (Difco) supplemented with 1/2 MEM amino acids solution (SIGMA) and 0.2% 334

(w/v) glucose. All of the cultivation was conducted at 37◦C. 335

Growth curve measurements 336

5 µL of the glycerol stock cell suspension was inoculated into 2 mL of LB or M9 337

minimal medium containing 40 µg/mL of kanamycin (Kan), and we cultured the cells at 338

37◦C for 15 h (LB) or 16 h (M9) with shaking. Kan was added to the culture media to 339

avoid the loss of the GFP-expressing plasmid (pUA66-PrplS-gfp) during the pre-culture. 340

We diluted this pre-culture cell suspension with fresh LB or M9 medium (without Kan) 341

to the cell density corresponding to the optical density at 600 nm (OD600) being 0.005 342

(LB) or 0.01 (M9). The total volume of the diluted cell cultures was adjusted to 50 mL. 343

After the dilution, we started culturing cells at 37◦C with shaking. We sampled 100 µL 344
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of the cell cultures every one hour and measured OD600 with a spectrophotometer 345

(UV-1800, Shimadzu). We repeated the measurements three times. The mean and 346

standard error of the logarithm of the OD600 were calculated for each sampling time 347

point and plotted as the point and error bar in Fig. S2. 348

Killing curve assay 349

To measure killing curves in batch cultures, we first prepared 50 ml cell suspensions of 350

OD600 = 0.005 (LB) or OD600 = 0.01 (M9) following the same protocol of growth curve 351

measurements. We incubated the diluted cell suspensions at 37◦C with shaking and 352

sampled a portion of the cell cultures at a pre-determined time point (2.5 h for the 353

exponential phase in LB; 8 h for the early stationary phase in LB; 24 h for the late 354

stationary phase in LB; and 4 h for the exponential phase in M9). To match the 355

pre-culturing conditions between the killing curve assays and the single-cell 356

measurements, we diluted the extracted cell suspension with the fresh LB or M9 357

medium to the cell density with which the OD600 of the diluted cell suspension would 358

reach 0.05 in the pre-culture of 2 h (LB) or 4 h (M9). The volume of the cell cultures 359

was adjusted to 50 ml. After the pre-culture, we added the antibiotics (Amp or CPFX) 360

to the cell culture and incubated it at 37◦C with shaking. The concentrations of the 361

antibiotics were adjusted to 200 µg/ml for Amp and 1 µg/ml for CPFX. We extracted 362

50 µl or 500 µl of the cell suspensions at the pre-determined time points to estimate the 363

number of viable cells in the cellular populations. 364

To avoid the underestimation of viable cells from the non-culturability on solid 365

agar [38,39], we estimated the viable cell number by a limiting dilution method. We 366

conducted serial dilution of the extracted cell suspension (10× dilution in each dilution 367

step) in 5 ml. We sampled 200 µl of each diluted cell suspension into a well in a 96-well 368

plate. For each dilution condition, we dispensed the cell suspensions into 12 wells. We 369

incubated the 96-well plates at 37◦C for 36 h (LB) or 48 h (M9), and the turbidity of 370

each well was inspected. 371

We found one or two dilution conditions for each sample taken from different time 372

points where both turbid and non-turbid wells coexist among the 12 wells. Assuming 373

Poissonian allocation of viable cells, the proportion of non-turbid wells, x0, is equal to 374

e−dyNv , where Nv is the original concentration of viable cells, d is the dilution level, and 375

y (= 0.2 ml) is the volume; then, Nv = (yd)−1 ln(1/x0). Thus, we estimated the 376

concentration of viable cells in the cell population as Nv = (5/d) ln(12/k) cells/ml, 377

where k is the number of non-turbid wells. For example, if we found 3 non-turbid and 9 378

turbid wells for the cell suspension with the dilution of 10−6, we could estimate the 379

viable cell density as Nv = 5 × 106 × ln(12/3) cells/ml = 7 × 106 cells/ml. When the 380

coexistence of turbid and non-turbid wells was found in the two dilution conditions, we 381

estimated the viable cell density of this time point by the geometric mean of the two 382

estimated values. 383

We repeated the assay three times for each culture condition. The mean and 384

standard error of the logarithm of the estimated viable cell density for each sampling 385

time were calculated and shown as the point and error bar in Fig. 1A, 2B, S4, and S6. 386

MIC measurements 387

5 µl of the glycerol stock of the E. coli strain was inoculated into 2 ml of LB or M9 388

medium and incubated at 37◦C with shaking for 15 h (LB) or 16 h (M9). We added 389

Kan at the concentration of 40 µg/ml when we cultured the MF1 strain from the 390

glycerol stock to avoid the loss of the GFP-expressing plasmid (pUA66-PrplS-gfp) during 391

the pre-culture. The cell cultures were diluted with a fresh LB or M9 medium to the 392

cell density corresponding to OD600 = 0.005 (LB) or OD600 = 0.01 (M9). The diluted 393
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cell cultures of 2 ml were incubated at 37◦C with shaking for 2.5 h (LB) or 3 h (M9) to 394

let the cell cultures enter exponential phases. The cell cultures were again diluted with 395

a fresh medium to the cell density corresponding to OD600 = 0.0002. We mixed 100 µl 396

of the diluted cell suspension with 100 µl of the medium containing Amp or CPFX and 397

dispensed it into a well of the 96-well plate. We prepared 12 antibiotic concentration 398

conditions with 2-fold serial differences (Amp: 2−2-28 µg/ml (+0 µg/ml); CPFX: 399

2−9-21 µg/ml (+0 µg/ml)). We used three wells for each drug concentration condition. 400

The cell cultures in the 96-well plates were incubated at 37◦C with shaking for 23 h. We 401

measured the optical density at 595 nm (OD595) of each well using a plate reader 402

(FilterMax F5, Molecular Devices) and calculated the geometric mean of the three wells 403

as the optical density of the cell culture in each drug concentration. We repeated the 404

experiment three times and determined the MIC as the drug concentration above which 405

the geometric mean of OD595 among the three replicate experiments were below 0.001. 406

Microfabrication 407

We fabricated microchamber arrays on glass coverslips by wet etching. The dimensions 408

of each microchamber were 62 µm (w) × 47 µm (h) × 0.8 µm (d) for the array used in 409

the experiments with a 100× objective (The number of microchambers in the array was 410

1240), and 53 µm (w) × 33 µm (h) × 0.8 µm (d) for the array used in the experiments 411

with a 40× objective (The number of microchambers in the array was 22,302). 412

We first made the photomask for the microchamber array by laser drawing 413

(DDB-201-TW, Neoark) on mask blanks (CBL4006Du-AZP, CLEAN SURFACE 414

TECHNOLOGY). The photoresist on mask blanks was developed in NMD-3 (Tokyo 415

Ohka Kogyo). The uncovered chromium (Cr)-layer was removed in MPM-E30 (DNP 416

Fine Chemicals), and the remaining photoresist was removed by acetone. Lastly, the 417

slide was rinsed in MilliQ water and air-dried. 418

For creating microchambers based on the pattern on the photomask, we first coated 419

a 1,000-angstrom Cr-layer on a clean coverslip (NEO Micro glass, No. 1., 24 mm × 60 420

mm, Matsunami) by evaporative deposition and AZP1350 (AZ Electronic Materials) by 421

spin-coating on the Cr-layer. After the pre-bake (95◦C, 90 sec), we exposed the 422

photoresist layer on the coverslip to UV light through the photomask using a mask 423

aligner (MA-20, Mikasa). We developed the photoresist in NMD-3 and removed the 424

Cr-layer uncovered by the photoresist in MPM-E30. The coverslip was soaked in 425

buffered hydrofluoric acid solution (110-BHF, Morita Kagaku Kogyo) for 14 minutes 20 426

seconds at 23◦C for glass etching. The etching reaction was stopped by soaking the 427

coverslip in milliQ water. The remaining photoresist and the Cr-layer were removed by 428

acetone and MPM-E30, respectively. 429

We used a polydimethylsiloxane (PDMS) pad with bubble trap groove to control and 430

change the culture conditions around the cells in the microchamber array. We follow the 431

same procedure as that reported in [40] to fabricate the PDMS pad. 432

Chemical decoration of coverslip and cellulose membrane 433

To enclose the E. coli cells in the microchambers, we employed a method of attaching a 434

cellulose membrane to a glass coverslip via biotin-streptavidin binding [29]. We 435

chemically decorated glass coverslips with biotin and cellulose membranes with 436

streptavidin. We followed the same protocol reported in [40] to prepare biotin-decorated 437

coverslips and streptavidin-decorated cellulose membranes. 438
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Preparation of conditioned media 439

As described below, we used the conditioned media to maintain the growth-suppressive 440

conditions while preparing single-cell measurements of the cells sampled from the early 441

and late stationary phases. We prepared 50 ml of the E. coli cell suspension at OD600 442

= 0.005 in the LB medium following the same procedure of growth curve measurements 443

and incubated the cell cultures at 37◦C with shaking. At the pre-determined time (8 h 444

for the early stationary phase condition and 24 h for the late stationary phase 445

condition), we spun down the cells at 2,200×g for 12 min. The supernatant was again 446

spun down at 2,200×g for 12 min, and its supernatant was filtered with a 0.2-µm 447

syringe filter. We used this filtered medium as the conditioned medium. 448

To prepare the agarose blocks of conditioned media, we dissolved 2% (w/v) low-melt 449

agarose in the conditioned media with a microwave and solidified it in a plastic dish. To 450

use this for attaching a cellulose membrane to a coverslip, we excised a piece of the 451

conditioned medium pad with a sterilized blade and placed it on the cellulose membrane. 452

Sample preparation for time-lapse measurements 453

To prepare E. coli cells for the time-lapse single-cell observation, 5 µl of the glycerol 454

stock of the MF1 cells was inoculated into 2 mL LB or M9 medium and incubated at 455

37◦C with shaking for 15 h. The cell culture was diluted to OD600=0.005 (in the case of 456

LB medium) or OD600=0.01 (in the case of M9 medium) in a 50 mL fresh medium and 457

again incubated at 37◦C with shaking. We sampled cells from the cell culture at the 458

pre-determined time points (2.5 h for the exponential phase in LB; 8 h for the early 459

stationary phase in LB; 24 h for the late stationary phase in LB; and 4 h for the 460

exponential phase in M9). 461

For the exponential phase samples (both LB and M9), 1 µL of cell suspension was 462

sampled from the culture and placed on the microchamber array. We put a 463

streptavidin-decorated cellulose membrane on the cell suspension and removed an excess 464

suspension with a clean filter paper. A small piece of an LB or M9 agarose block (2% 465

(w/v) agarose) was placed on the cellulose membrane and incubated at 37◦C for 15 min 466

to allow the membrane to adhere to the coverslip surface tightly. After removing the 467

agarose block, a PDMS pad was attached to the coverslip via a Frame-Seal Incubation 468

Chamber (9 mm×9 mm or 15 mm×15 mm, Bio-Rad). We connected the medium inlet 469

and outlet of the PDMS pad to silicone tubes and started flowing an LB or M9 medium 470

immediately at the flow rate of 2 mL/h using syringe pumps (NE-1000, New Era Pump 471

Systems). We then registered the microchamber positions and started the time-lapse 472

measurements as described in the following section. 473

For the early and late stationary phase samples, we followed the same protocol 474

except that we used the conditioned medium agarose pads made from the cell cultures 475

of the corresponding growth phases to attach the cellulose membrane. We also flowed 476

the liquid conditioned medium while registering the microchamber positions to maintain 477

the growth-suppressive conditions. We switched the flowing media from the conditioned 478

media to the fresh LB medium at the start of the time-lapse measurements to arrange 479

the same duration of regrowth before the Amp exposure across the replicate 480

experiments. 481

Time-lapse observation with the MCMA microfluidic device 482

We used Nikon Ti-E microscopes equipped with ORCA-flash camera (Hamamatsu 483

Photonics) for the time-lapse observations. For the time-lapse observations with a 40× 484

objective (Plan Apo λ, 40×/NA0.95), we acquired only bright-field images to monitor 485

many microchamber positions simultaneously. For the time-lapse observations with a 486
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100× objective (Plan Apo λ, 100×/NA1.45, oil immersion), we acquired bright-field, 487

RpoS-mCherry fluorescence, and GFP fluorescence images. We used the LED 488

(MCWHL2, Thorlabs) for fluorescence excitation. We maintained the temperature 489

around the microscope stage at 37◦C with a thermostat chamber (TIZHB, Tokai Hit). 490

The microscope was controlled from a PC using Micromanager [41]. The time-lapse 491

intervals were 3 min in the measurements with the LB medium and 6 min in the 492

measurements with the M9 medium. 493

In the time-lapse measurements of the cells in the LB medium, we first allowed the 494

cells to grow in the microchambers flowing a fresh medium for either 1.5 h (the cells 495

from the exponential phase) or 2 h (the cells from the early and late stationary phases). 496

Then, we changed the flowing media to the one containing 200 µg/mL of Amp and 497

observed the cells flowing drug-containing medium for 3.5 h. We changed the flowing 498

media again to the fresh medium containing no drug and allowed the viable cells to 499

regrow. 500

In the time-lapse measurements of the cells in the M9 medium, we allowed the cells 501

to grow in the microchambers for 4 h flowing a fresh M9 medium. We then switched the 502

flowing media to the one containing 200 µg/ml Amp or 1 µg/ml CPFX and observed the 503

cells under the drug-exposed conditions for 6 h. We again switched the flowing media 504

back to the M9 medium containing no drug and allowed the viable cells to regrow. 505

Image analysis 506

We used a custom ImageJ macro to analyze the time-lapse images acquired with the 507

100× objective. This macro finds the outlines of the cells in each image and assigns the 508

cell lineages based on the segmented cell image sequences. We corrected the errors in 509

the segmentation and lineage assignments manually. The cell size (area), mean 510

fluorescence intensity, and the connections in the cell lineages were exported into a text 511

file for the data analysis. 512

We opened the images as a stack to find the persister cell lineages in the time-lapse 513

images acquired with the 40× objective. From the end time point, we played back the 514

stacked images to detect the microchambers with the surviving cells that stably regrew 515

after the drug removal. We tracked back the persistent cell lineages and determined the 516

existence of growth and cell divisions before the drug exposure. 517

To estimate the number of drug-exposed cells, we randomly selected 20 518

microchambers and counted the number of cells in each microchamber. We multiplied 519

the averaged number of the cells in a microchamber by the number of the 520

microchambers tracked in the time-lapse measurement. We used this number as the 521

estimate of the total number of the drug-exposed cells in each experiment. 522

Data analysis 523

Estimation of persister frequencies We estimated the persister cell frequencies 524

from the population killing curves as the number of surviving cells at the time point of 3 525

h under the drug exposure relative to the initial number of cells at the onset of drug 526

exposure. The error ranges of the persister cell frequencies were estimated by the error 527

propagation of the standard errors of the numbers of cells at the two time points. 528

Estimation of killing rates from the killing curves We estimated the killing 529

rates of the cell populations by fitting the population killing curves. We conducted 530

non-linear fitting of double exponential (M9) or triple exponential decay (LB) curves to 531

the logarithms of the experimental data using the Levenberg-Marquardt algorithm on 532

Gnuplot. We used triple exponential decay curves to fit the killing curves in the LB 533

medium because of the significant fitting deviations by the double exponential decay 534
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curves. In the main text, we reported the rates of the fastest and slowest decay terms as 535

the killing rates of the initial and persistence phases, respectively. The standard errors 536

of the decay rates estimated by fitting were reported as their error ranges. 537

Estimation of dormant cell fractions in cellular populations We analyzed the 538

time-lapse data using a custom C script and exported the data for plotting the cell 539

lineage trees. To determine the elongation rates of individual cells before the Amp 540

exposure, we focused on the time window of 90 min immediately before the Amp 541

exposure and calculated the averages of the instantaneous elongation rate 1
∆t ln S(t+∆t)

S(t) 542

over this time window, where ∆t = 3 min is the time-lapse interval and S(t) is the cell 543

size (area) at time t. We did not include the time points of cell divisions for calculating 544

the averages if cells divided in this time window. We regarded cell lineages with 545

elongation rates below 0.013 min−1 as dormant and calculated the frequency of such 546

lineages in each cell population sampled from a different growth phase. 547

Viability check by PI staining 548

We found that many dormant cells in the populations sampled from the late stationary 549

phase remained intact during the Amp exposure but did not regrow after the drug 550

removal. We examined the viability of the dormant cells flowing the media containing 551

1 µg/ml PI in the time-lapse measurements. In these experiments, we used the MG1655 552

pUA66-PrplS-gfp strain since the emission spectrum of RpoS-mCherry overlaps with 553

that of PI. The preparation of the cells for the time-lapse measurements was the same 554

as that used for the cells sampled from the late stationary phase, except that we flowed 555

the media containing PI from the time point of adding Amp. 556
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Supplementary Information

Supplementary Movies 1

Movie S1. Time-lapse observation of the non-dormant persister of the MF1 2

strain against Amp. The time-lapse images were acquired with a 100× objective. 3

Left: Merged images of the bright-field (grayscale), GFP (green), and RpoS-mCheerry 4

(red) channels; Middle: GFP channel; Right: RpoS-mCherry channel. The medium 5

conditions are indicated near the upper-left corner. The counter near the lower-right 6

corner indicates the time in hour:min. Scale bar, 10 µm. 7

Movie S2. Time-lapse observation of the dormant persister of the MF1 8

strain against Amp. The time-lapse images were acquired with a 100× objective. 9

Left: Merged images of the bright-field (grayscale), GFP (green), and RpoS-mCheerry 10

(red) channels; Middle: GFP channel; Right: RpoS-mCherry channel. The medium 11

conditions are indicated near the upper-left corner. The counter near the lower-right 12

corner indicates the time in hour:min. Scale bar, 10 µm. 13

Movie S3. Simultaneous time-lapse observation of the drug responses of 14

many individual cells using the MCMA microfluidic device. This movie 15

shows a single field of view observed in a time-lapse measurement with the MCMA 16

microfluidic device using a 40× objective. 40 microchambers can be visualized per 17

position. We imaged 50-150 positions in a single time-lapse measurement. In this movie, 18

one microchamber harbored a persistent cell lineage against Amp exposure (the third 19

row from the top and the second column from the left). The medium conditions are 20

indicated near the upper-left corner. The counter near the lower-left corner indicates 21

the time in hour:min. Scale bar, 50 µm. 22

Movie S4. Time-lapse movie of the MF1 persisters against Amp in the LB 23

medium (Exponential phase, Replicate experiment 1). This movie shows all 24

the microchambers harboring persistent cell lineages in one of the replicated single-cell 25

measurements of the MF1 cells against Amp cultured in the LB medium. The cells were 26

sampled from the exponential phase. We used a 40× objective in this measurement. 27

Scale bar, 10 µm. 28

Movie S5. Time-lapse movie of the MF1 persisters against Amp in the LB 29

medium (Exponential phase, Replicate experiment 2). See the caption of 30

Movie S4 for detail. 31

Movie S6. Time-lapse movie of the MF1 persisters against Amp in the LB 32

medium (Exponential phase, Replicate experiment 3). See the caption of 33

Movie S4 for detail. 34

Movie S7. Time-lapse movie of the MF1 persisters against Amp in the M9 35

medium (Exponential phase, Replicate experiment 1). This movie shows all 36

the microchambers harboring persistent cell lineages in one of the replicated single-cell 37

measurements of the MF1 cells against Amp cultured in the M9 medium. The cells were 38

sampled from the exponential phase. We used a 40× objective in this measurement. 39

Scale bar, 10 µm. 40
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Movie S8. Time-lapse movie of the MF1 persisters against Amp in the M9 41

medium (Exponential phase, Replicate experiment 2). See the caption of 42

Movie S7 for detail. 43

Movie S9. Time-lapse movie of the MF1 persisters against Amp in the M9 44

medium (Exponential phase, Replicate experiment 3). See the caption of 45

Movie S7 for detail. 46

Movie S10. Amoeba-like locomotion of L-form-like E. coli cells in the 47

microchambers. This movie shows representative three microchambers in which 48

L-form-like E. coli cells exhibited amoeba-like locomotion. In this experiment, 49

200 µg/ml of Amp was exposed to the MF1 E. coli cells cultured in the M9 medium. 50

Fission of cell bodies occurred in these cells during the locomotion. Furthermore, 51

regrowing cell populations emerged from left-behind cell bodies. 52

Movie S11. Time-lapse movie of the MF1 persisters against Amp in the 53

LB medium (Early stationary phase, Replicate experiment 1). This movie 54

shows all the microchambers harboring persistent cell lineages in one of the replicated 55

single-cell measurements of the MF1 cells against Amp cultured in the LB medium. The 56

cells were sampled from the early stationary phase. We used a 40× objective in this 57

measurement. Scale bar, 10 µm. 58

Movie S12. Time-lapse movie of the MF1 persisters against Amp in the 59

LB medium (Early stationary phase, Replicate experiment 2). See the 60

caption of Movie S11 for detail. 61

Movie S13. Time-lapse movie of the MF1 persisters against Amp in the 62

LB medium (Early stationary phase, Replicate experiment 3). See the 63

caption of Movie S11 for detail. 64

Movie S14. Time-lapse movie of the MF1 persisters against Amp in the 65

LB medium (Late stationary phase, Replicate experiment 1). This movie 66

shows all the microchambers harboring persistent cell lineages in one of the replicated 67

single-cell measurements of the MF1 cells against Amp cultured in the LB medium. The 68

cells were sampled from the late stationary phase. We used a 40× objective in this 69

measurement. Scale bar, 10 µm. 70

Movie S15. Time-lapse movie of the MF1 persisters against Amp in the 71

LB medium (Late stationary phase, Replicate experiment 2). See the 72

caption of Movie S14 for detail. 73

Movie S16. Time-lapse movie of the MF1 persisters against Amp in the 74

LB medium (Late stationary phase, Replicate experiment 3). See the 75

caption of Movie S14 for detail. 76

Movie S17. Viability check of the non-regrowing dormant cells by PI 77

staining. This movie shows the time-lapse observation of the 78

MG1655/pUA66-PrplS-gfp cells sampled from the late stationary phase in the LB 79

medium. We used a 100× objective in this measurement. Left: Merged images of the 80

bright-field (grayscale), GFP (green), and PI (red) channels; Middle: GFP channel; 81

Right: PI channel. PI was added to the flowing media from the start of the Amp 82
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exposure, as indicated by the medium conditions near the upper-left corner. We found 83

many dormant cells that did not regrow even after the removal of Amp. They were 84

visible in the GFP channel but negative with the PI staining. The counter near the 85

upper-right corner indicates the time in hour:min. Scale bar, 10 µm. 86

Movie S18. Time-lapse observation of the MF1 cells sampled from the 87

early stationary phase. The time-lapse images were acquired with a 100× 88

objective. The cells were sampled from the early stationary phase in the LB medium 89

and monitored in the microchambers. 200 µg/ml of Amp was exposed to the cells from 90

2 h. The elongation rates and the RpoS-mCherry expression levels of individual cells 91

before the Amp exposure were analyzed in Fig. 3 and 4. Left: Merged images of the 92

bright-field (grayscale), GFP (green), and RpoS-mCheerry (red) channels; Middle: GFP 93

channel; Right: RpoS-mCherry channel. The medium conditions are indicated near the 94

upper-left corner. The counter near the lower-right corner indicates the time in 95

hour:min. Scale bar, 10 µm. 96

Movie S19. Time-lapse observation of the MF1 cells sampled from the late 97

stationary phase. The time-lapse images were acquired with a 100× objective. The 98

cells were sampled from the late stationary phase in the LB medium and monitored in 99

the microchambers. 200 µg/ml of Amp was exposed to the cells from 2 h. The 100

elongation rates and the RpoS-mCherry expression levels of individual cells before the 101

Amp exposure were analyzed in Fig. 3 and 4. Left: Merged images of the bright-field 102

(grayscale), GFP (green), and RpoS-mCheerry (red) channels; Middle: GFP channel; 103

Right: RpoS-mCherry channel. The medium conditions are indicated near the 104

upper-left corner. The counter near the lower-right corner indicates the time in 105

hour:min. Scale bar, 10 µm. 106

Movie S20. Time-lapse observation of the persister cells against CPFX 107

(with 100× objective). The MF1 cells sampled from the exponential phase in the 108

M9 medium were observed with the 100× objective. Left: Merged images of the GFP 109

(green) and RpoS-mCherry (red) channels; Middle: GFP channel; Right: 110

RpoS-mCherry channel. 1 µg/ml of CPFX was exposed to the cells from 4 h. The 111

medium conditions are indicated near the lower-left corner. The counter near the 112

lower-right corner indicates the time in hour:min. Scale bar, 10 µm. 113

Movie S21. Time-lapse observation of the persister cells against CPFX 114

(with 40× objective). This movie shows all the microchambers harboring persistent 115

cell lineages in one of the replicated single-cell measurements of the MF1 cells against 116

CPFX cultured in the LB medium. The cells were sampled from the exponential phase. 117

We used a 40× objective in this measurement. Scale bar, 10 µm. 118
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Supplementary Figures 119
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Figure S1. MIC tests. A. MIC test against Amp. The optical density at 595 nm of
the E. coli cell cultures after the incubation of 23 h at 37◦C in the LB media containing
different concentrations of Amp (horizontal axis) is shown. Blue is for the MF1 strain,
and magenta is for the MG1655 strain. The points (circles, squares, and crosses) represent
the results of three replicate experiments. The dashed lines connect the geometric means
of the replicates. The optical density values below 0.001 were plotted as 0.001 as they
were indistinguishable from the fluctuation of background signals. B. MIC test against
CPFX. The color correspondences to the E. coli strains are the same as that in A.
The cells were incubated in the M9 media containing different concentrations of CPFX
(horizontal axis) in this test. We measured the optical density at 595 nm after the
incubation of 23 h at 37◦C.
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Figure S2. Population growth curves of the MF1 strain. A. The growth curve in
the LB medium. The transitions of the optical density at 600 nm of the MF1 cell cultures
are shown. The points represent the geometric means of three replicate experiments.
The error bars represent the standard errors of the logarithm of the optical density,
which are smaller than the point size. The vertical dashed lines represent the time points
at which we sampled the cell cultures for the single-cell measurements and the killing
curve assay. The magenta, blue, and yellow dashed lines indicate the sampling time
points for the exponential, early stationary, and late stationary phases, respectively. B.
The growth curve in the M9 medium. The points and the error bars (smaller than the
point size) represent the same as those in A. The dashed line represents the time when
cells were sampled for the single-cell measurements and killing curve assay.
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Figure S3. Experimental procedures for single-cell time-lapse measurements.
A. Loading E. coli cells in the MCMA device. A suspension of E. coli cells sampled
from a batch culture is placed on the microchamber array etched in a coverslip. Placing
a semi-permeable membrane on the cell suspension randomly seeds the cells in the
microchambers. The semi-permeable membrane tightly seals the microchambers via the
biotin-streptavidin binding. A PDMS pad attached to the coverslip via an adhesive frame
seal chamber allows medium perfusion. The scale of the microchambers is exaggerated
in this diagram for an intuitive explanation. B. Sequence of environmental conditions
in the time-lapse measurements. E. coli cells were first grown under the flow of fresh
medium. After that, we flowed a medium containing an antibiotic (Amp or CPFX) and
allowed the surviving cells to regrow by exchanging the media back to the fresh medium.
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Figure S4. Comparison of the killing curves of the MF1 cells against Amp
between LB and M9 media. 200 µg/ml of Amp was exposed to the MF1 cell
cultures in the exponential phases in LB (gray) and M9 (purple) media. The points
represent the geometric means of the relative cell density to the values at the onset of
the Amp exposure (0 min) among three replicate experiments. Error bars represent
the standard errors of the logarithm of the relative cell density. The data for the
LB medium are the same as those in Fig. 1A except that they are shown as the
relative values in this plot. The purple dashed curve represents the fitting of the
double exponential decay curve to the data for the cells in the M9 medium: N(t) =
(1 − 9.22 × 10−5) exp(−7.47 × 10−2t) + 9.22 × 10−5 exp(−7.83 × 10−3t).
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Figure S5. Viability check of the non-regrowing dormant cells by PI staining. The MG1655/pUA66-PrplS-gfp
strain was used in this experiment. The cells sampled from the late stationary phase were observed in the MCMA
microfluidic device with a 100× objective. PI was added to the flowing media from the time point for starting the Amp
exposure. The right and middle image sequences show the images of the PI and GFP fluorescence, respectively. The left
image sequence shows the merged images of the bright-field (grayscale), GFP (green), and PI (red) channels. The white
arrows in the merged images at 330 min and 570 min indicate several dormant cells that did not regrow after the Amp
exposure. We detected no fluorescence signals of PI in these cells, which suggests that they were viable.
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Figure S6. Population killing curve of the MF1 strain against CPFX. MF1
cells in the exponential phase were exposed to the M9 medium containing 1 µg/ml of
CPFX. The cell density at different time points was evaluated by a limiting dilution
method (green). The points represent the geometric means of the relative cell density to
the values at the onset of the Amp exposure (0 min) among three replicate experiments.
The error bars represent the standard errors of the logarithm of the relative cell density.
The green dashed curve represents the fitting of a double exponential decay curve to the
data: N(t) = (1 − 4.32 × 10−3) exp(−9.95 × 10−2t) + 4.32 × 10−3 exp(−9.68 × 10−3t).
The data points and the curve in purple are the results for the Amp exposure and the
same as those of the “M9 Exponential phase” in Fig. S4.
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