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The rise of antibiotic-resistant bacterial infections poses a global threat. Antibiotic resist-
ance development is generally studied in batch cultures which conceals the heteroge-
neity in cellular responses. Using single-cell imaging, we studied the growth response
of Escherichia coli to sub-inhibitory and inhibitory concentrations of nine antibiotics.
We found that the heterogeneity in growth increases more than what is expected from
growth rate reduction for three out of the nine antibiotics tested. For two antibiotics
(rifampicin and nitrofurantoin), we found that sub-populations were able to maintain
growth at lethal antibiotic concentrations for up to 10 generations. This perseverance
of growth increased the population size and led to an up to 40-fold increase in the fre-
quency of antibiotic resistance mutations in gram-negative and gram-positive species. We
conclude that antibiotic perseverance is a common phenomenon that has the potential
to impact antibiotic resistance development across pathogenic bacteria.
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The rise in antibiotic-resistant bacterial infections is a global threat to modern medical
health care. The dispersal of multi-drug-resistant pathogens is driven by the acquisition
of chromosomal mutations and mobile genetic elements (1, 2). The standard model of
resistance development divides selective conditions into “sub-MIC” selection below the
minimal inhibitory concentration (MIC) and “above-MIC” selections above the MIC
(3). Sensitive populations cannot grow during selection above the MIC which makes the
existence of preexisting mutations or resistance elements essential for the development of
resistance (4). Contrarily, sub-MIC selection conditions permit the growth of sensitive
bacteria, and de novo resistance can arise during replication. The resistant population has
a growth advantage and can outcompete the sensitive parental population (5, 6).
Additionally, sub-MIC concentrations of antibiotics can increase conjugation frequencies,
select for populations that carry a multi-drug resistance plasmid, and increase bacterial
swimming motility as well as biofilm formation (7-10). Although there are notable excep-
tions (11-14), studies on the effect of antibiotics on bacterial growth have generally been
performed in batch cultures with large populations thus overlooking any cell-to-cell het-
erogeneity in the response to antibiotic exposure. Here, we systematically exposed
Escherichia coli to sub-MIC and MIC concentrations of nine distinct antibiotics and used
time-lapse microscopy to analyze the bacterial growth response on a single-cell level. Our
main aims were i) to measure cell-to-cell heterogeneity in growth response as a function
of antibiotic concentration, and ii) to determine how this heterogeneity affects antibiotic
resistance development.

Results

We selected nine distinct antibiotics that cover a wide variety of antibiotic classes and targets,
and determined their MIC in Lysogeny broth (LB) with 425 mg/L Pluronics (Fig. 14 and
SI Appendix, Table S1). We then exposed E. coli cells to antibiotic concentrations corre-
sponding to 1/8x, 1/4x, 1/2x, and 1x MIC (SI Appendix, Table S2) in a modified version
of the mother-machine microfluidic chip (15) that enabled simultaneous measurements at
all four antibiotic concentrations (Fig. 1B). Each microfluidic experiment was divided into
three stages: i) the pre-exposure stage (1 h) where cells were grown in LB to determine the
baseline growth rate; ii) the exposure stage (4 h) where the growth media contained antibi-
otics; and iii) the post-exposure stage (3 h) where the growth medium was switched back to
antibiotic-free LB to test if the cells were able to recover from the antibiotic exposure
(Fig. 1C). Using time-lapse phase-contrast microscopy and automated image analysis, we
were able to measure the growth rates of thousands of individual cells during each experiment
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(Fig. 1 D and E and SI Appendix, Figs. S1-S3). We found that for
all nine antibiotics, the cell-to-cell heterogeneity, measured as coef-
ficient of variation (CV) of the growth rates for the growing cells,
increased as a function of antibiotic concentration and antibiotic
exposure time (Fig. 2 and S/ Appendix, Fig. S4). Since the growth
heterogeneity increased similarly for all nine antibiotics, we tested
if this was a general effect caused by the reduction in growth rate
rather than the specific action of the antibiotics. We performed a
microfluidic experiment where we changed the medium from LB
to minimal medium with different carbon sources (to mimic the
average growth rate for different antbiotic concentrations)
(SI Appendix, Fig. S5). The results showed that the reduction in
growth rate caused a significant increase in cell-to-cell heterogeneity
that could account for the observed effects in six out of the nine
antibiotics [chloramphenicol (CHL), ciprofloxacin (CIP), nitro-
furantoin (NIT), rifampicin (RIF), spectinomycin (SPT), and tet-
racycline (TET)]. The increase in growth heterogeneity of the
remaining antibiotics [carbenicillin (CAR), ceftriaxone (CRO), and
gentamycin (GEN)] was greater than expected from growth rate
reduction (Fig. 2 and SI Appendix, Fig. S6). Next, we focused on
the last 30 min of growth during the 1x MIC exposure phase where
the effect of the antibiotics is expected to be the strongest and ana-
lyzed the distribution of growth rates of all cells during this window
(Fig. 3). While most antibiotics displayed a unimodal distribution
of growth rates around a single average value, nitrofurantoin and
rifampicin showed a bimodal distribution. Here, we observed a split
between a dead main population and a surviving sub-population
that maintained growth with a reduced relative growth rate indi-
cating strong cell-to-cell heterogeneity (Fig. 3 Fand G). For these

two antibiotics, the increase in growth heterogeneity was not iden-
tified to be greater than expected from growth rate reduction (Fig. 2
and ST Appendix, Fig. S6). In both cases, the split into two popula-
tions appeared too late during the antibiotic exposure phase (NIT)
or included a sub-population that was too small (RIF) to affect the
overall growth heterogeneity above the level that was expected from
growth rate reduction (Fig. 3).

To further investigate the observed bimodal distribution, we
focused our analysis on the sub-population that maintained
growth in the presence of rifampicin. Rifampicin is commonly
used to determine mutation rates (16, 17), and the mutations that
cause rifampicin resistance are well understood (18, 19). A deeper
analysis of the growth behavior of the cells during rifampicin
exposure showed that the sub-population that maintained growth
displayed specific phenotypic changes: i) the cells were actively
dividing with a growth rate of approximately half the growth rate
in LB, and ii) the cell shape changed to slimmer cells. These
changes in phenotype were maintained in the daughter cells and
fully reverted to the wild-type state within a couple of hours after
removal of the antibiotic (Fig. 3 G and /). To test if the growing
sub-population had an increased MIC, we repeated the experi-
ment but increased the antibiotic exposure time to 17 h. As before,
we could observe the growing sub-population but after approxi-
mately 7 h of antibiotic exposure, all growth had ceased, indicating
that the sub-population did not have an increased MIC value but
rather a reduction of growth inhibition (S Appendix, Fig. S7B).
We also performed an equivalent experiment with a high concen-
tration of rifampicin (-6x MIC) and found no growing sub-pop-
ulation, further confirming that no MIC increase is involved in
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Fig. 1. Overview of antibiotic exposure experiment. (A) Antibiotics used in the study. (B) Schematic overview of the microfluidic setup. (C) Timeline of the

microfluidic experiments defined by growth in LB (yellow) or LB supplemented with antibiotics (gray). (D and E) Relative growth rates of single cells during the
antibiotic exposure experiment. The antibiotic exposure phase is indicated by the gray background. Displayed are representative examples of a bacteriostatic
(D) and a bactericidal (E) antibiotic. See S/ Appendix, Figs. S1-S3 for all experiments.
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Fig. 2. Antibiotic exposure increases cell-to-cell heterogeneity. (A-/) Cell-to-cell growth heterogeneity, measured as CV. (Left) As function of antibiotic exposure
time. The period of antibiotic exposure is indicated by the gray background. (Right) As function of relative average growth rate. The black line and gray area
indicate cell-to-cell heterogeneity that is expected from growth rate reduction (S/ Appendix, Fig. S5). The dots correspond to the CV of all single-cell growth rates at
a given timepoint. Depicted are the combined results from two independent experiments for which the single cell data is pooled per time point. See S/ Appendix,

Figs. S4 and S6 for the results of each individual experiment.

the observed phenotype (S Appendix, Fig. S7C). Due to the lack
of MIC increase, we conclude that the observed phenotype cannot
be classified as antibiotic resistance or heteroresistance (20). Our
data show that the cells are actively dividing during antibiotic
exposure, which excludes antibiotic persistence, and antibiotic
tolerance is a general attribute of each cell in the population rather
than of a sub-population (21, 22). Thus, we conclude that the
observed phenotype cannot be properly described by either of
these terms and therefore refer to it as antibiotic perseverance
within this work. We define the term antibiotic perseverance as
the phenotypic property of a sub-population to maintain active
replication for a significantly longer time than the main popula-
tion in the presence of an inhibitory concentration of antibiotics.
The perseverance phenotype can be detected by the bimodal dis-
tribution of single-cell growth rates within the population during
a transient period after antibiotic exposure.

To quantify the frequency of antibiotic perseverance within the
bacterial population, we determined the number of cell divisions

PNAS 2023 Vol.120 No.2 e2216216120

of all mother cells within the 17 h exposure experiment (S Appendix,
Fig. S7). We found that high-level rifampicin exposure (-6x MIC)
led to a rapid halt of cell division (1.1 + 0.4 cell divisions). Low-
level rifampicin exposure (1x MIC), on the other hand, resulted
in a slower termination of growth (3.8 + 1.2 cell divisions) with a
significantly broader cell-to-cell variation based on the SDs of the
distributions [P < 0.001, two-sided Kolmogorov—Smirnov (KS)
test] (Fig. 44). The persevering sub-population (fraction of cells
that grew more than twice the number of generations than the
average) represented 2% of the mother cells and displayed a 2.6-
fold increase in the number of cell divisions compared to the main
population (9.5 + 0.6 vs. 3.7 + 0.9 cell divisions). Furthermore,
the growth rate of the persevering mother cells was indistinguish-
able from that of the main population before the antibiotic treat-
ment (P = 0.65, two-sided 7 test) (Fig. 4B).

To determine the impact of antibiotic perseverance on the bac-
terial population, we estimated the change in population size after
antibiotic exposure at low-level and high-level rifampicin based on

https://doi.org/10.1073/pnas.2216216120 3 of 7
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Fig. 3. Antibiotic perseverance observed during growth in nitrofurantoin and rifampicin. (A-/, Left) Distribution of single-cell growth rates as a function of time
during the microfluidic experiments. The antibiotic exposure phase is indicated by the gray background. (Right) Density plot of the single-cell growth rates
during the last 30 min of antibiotic exposure as indicated by the box in to the left. (/) Time-lapse images (every 15 min) of a channel that maintains growth in
the experiment displayed in panel G. The phase of antibiotic exposure is indicated by the orange box. The change of position of each cell between images
is indicated during the antibiotic exposure phase, and branches in the connection lines correspond to cell divisions. The shape of the mother cell during the

different phases of the experiment is displayed to the right.

the distributions of cell divisions obtained in the 17 h exposure
experiment. The total population size increased 14-fold during low-
level exposure compared to high-level rifampicin concentrations
(31.3-fold vs. 2.2-fold). Importantly, half of the difference (51%)
was caused by the 2% of cells that displayed antibiotic perseverance
demonstrating that this phenotype can have a significant impact
on the bacterial population during antibiotic exposure (Fig. 4C).
Every round of replication can lead to the spontaneous forma-
tion of a mutation that could decrease the susceptibility of the
resulting strain to the antibiotic (4, 23). Thus, sub-populations
that maintain growth during lethal selection conditions could
increase the risk of antibiotic resistance development. We tested
this hypothesis by selecting high-level rifampicin-resistant mutants
during exposure to low-level and high-level concentrations of
rifampicin and found an 8.3-fold increase in mutation frequency
during low-level rifampicin concentrations (P = 0.008, two-sided

40of 7 https://doi.org/10.1073/pnas.2216216120

¢ test) (Fig. 4 D and E). This increase in mutation frequency dis-
appeared when adjusting for the increase in population size
(P = 0.11, two-sided ¢ test). Thus, the increased mutation fre-
quency can be fully accounted for with the observed growth dur-
ing these selection conditions. Next, we tested if the observed
mutations indeed appeared after antibiotic exposure, as expected
from the perseverance phenotype, by analyzing which rifampicin
resistance mutations were selected during low-level and high-level
antibiotic exposure. The mutation analysis showed that i) both
selection conditions resulted in single amino-acid changes within
the 7poB gene that encodes the p-subunit of RNA polymerase,
and ii) the mutations found during the low-level selection condi-
tions were not preexisting within the population but must have
occurred during the antibiotic exposure time (Fig. 4 G-M and
SI Appendix, Table S3). Furthermore, we confirmed that the muta-
tions occurring during low-level rifampicin exposure were not

pnas.org
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selected in cells with a higher intrinsic mutation rate for example
due to inactivation of genes involved in the mismatch repair sys-
tem (Fig. 4N). These results agree with the expectation that sus-
tained growth during antibiotic exposure increases the frequency
of resistance development.

To test if these results are unique to E. coli, we performed a 17 h
rifampicin exposure experiment with Salmonella enterica serovar
Typhimurium and found an equivalent persevering sub-population
at low-level rifampicin concentrations (87 Appendix, Fig. S8). As
before, the mutation frequency for high-level rifampicin resistance
was significantly increased (6.8-fold, P = 0.002, two-sided 7 test)
during exposure to low-level compared to high-level rifampicin
concentrations (Fig. 4 and ST Appendix, Table S4). We also found
significant increases in mutation frequency of similar magnitude
in all other tested gram-negative (Klebsiella pneumoniae) and
gram-positive (Enterobacter faecalis, Staphylococcus aureus) species,
indicating that the observed phenomenon is common across path-
ogenic bacteria (Fig. 4F and SI Appendix, Table S4). Finally, we
tested the mutation frequency for nitrofurantoin resistance in E.
coli since we also observed a bimodal distribution of growth rates
in the presence of nitrofurantoin (Fig. 3F). The results showed that

PNAS 2023 Vol.120 No.2 e2216216120

the mutation frequency for nitrofurantoin resistance was increased
40.2-fold when selected at low-level concentration of nitrofuran-
toin compared to direct selection at the high-level concentration

(P =0.005, two-sided ¢ test) (Fig. 4F).

Discussion

Previous research has shown that heteroresistance, persistence, and
tolerance can significantly contribute to the development of anti-
biotic resistance (20, 24, 25). Our data describe an additional
phenotype that appears to be common among pathogenic bacteria
and applies to at least two antibiotics (rifampicin and nitrofuran-
toin). The frequency of perseverance (~2% of cells), the lack of
MIC increase, and the reversible phenotype indicate that this
phenotype is not caused by stable genetic changes (26). The per-
severing bacterial cells change growth rate and shape during anti-
biotic exposure, and this phenotype reverts quickly after the
removal of the antibiotics which could indicate a changed state of
gene expression within the cells. Intrinsic cell-to-cell variability
within bacterial populations has been demonstrated for multiple
resistance-related genes such as efflux pumps and stress response

https://doi.org/10.1073/pnas.2216216120 50f7
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regulators (13, 27). Rifampicin and nitrofurantoin differ with
regard to molecular mass (823 Da vs. 238 Da), mechanism of
action (inhibition of transcription vs. DNA damage), and genes
involved in resistance development (rpoB vs. nfsAB) (18, 28). Thus,
it is unlikely that heterogeneity in the expression of identical genes
cause the perseverance phenotype of these two drugs but not to
any of the other seven that were included in this study. Among
the tested antibiotics, rifampicin has the largest molecular mass
(RIF: 823 Da, others: 238 to 581 Da), has difficulties to penetrate
the bacterial outer membrane, and is the only antibiotic that tar-
gets the RNA polymerase (29, 30). It is possible that gene expres-
sion related to permeability of the outer membrane (i.e., porin or
lipopolysaccharide-related genes) reduces the uptake of rifampicin
into the cell. Alternatively, increased expression of the RNA pol-
ymerase could effectively reduce the number of drug molecules
per target protein. Both effects could explain why sub-populations
are less sensitive to the drug. A feature that sets nitrofurantoin
apart from the other antibiotics is that it needs to be activated
within the bacterial cell to exhibit its antibacterial effect (31).
Cell-to-cell heterogeneity in the expression of the genes that acti-
vate nitrofurantoin (754 and 7fsB) could be responsible for the
observed perseverance phenotype (28). Since activated nitrofuran-
toin is known to cause DNA damage, it is also possible that het-
erogeneity in the expression of the corresponding DNA repair
enzymes is the cause of the perseverance (31). Independent of the
precise mechanism, the resulting perseverance phenotype enables
extended survival and growth during short-term antibiotic expo-
sure (-7 h in our experiments with rifampicin) and increases the
frequency of antibiotic resistance mutations for both antibiotics.
While we have only studied the selection of chromosomal muta-
tions during this growth phase, it is likely that growth under these
conditions also increases the risk of conjugational transfer of mul-
ti-resistance plasmids or acquisition of resistance genes by trans-
duction or transformation. The condition that we find drives
resistance development for a subset of antibiotics, i.e., sub-MIC-
level antibiotic concentrations, are present in the environment
when it's polluted by antibiotics or when antibiotic treatments
are prematurely terminated. In this way, insights from single-cell
biology are important to drive antibiotic stewardship policies.

Materials and Methods

Bacterial Strains and Growth Conditions. A list of bacterial strains used in
this study can be found in S/ Appendix, Table S5. Bacteria were grown at 37 °C
in LB broth with surfactant Pluronic F-109 (Sigma-Aldrich 542342, 425 mg/L)
or on plates of LB broth solidified with 1.5% agar (LA plates). Antibiotics were
added to the media as described. When indicated, bacteria were grown in defined
minimal medium (M9) with surfactant Pluronic F-109 (425 mg/L) and enriched
with 0.2% glucose, 0.2% glycerol, and 0.08% RPMI 1640 amino acids (Sigma
Aldrich R7131) as described.

Antibiotics. All antibiotics were ordered from Sigma Aldrich. Stock solutions were
prepared in water for carbenicillin (C1389), ceftriaxone (C5793), ciprofloxacin
(PHR1044), gentamycin (G1914), and spectinomycin (54014), in 70% ethanol
for chloramphenicol (C0378) and tetracycline (T7660), in methanol for rifampicin
(R3501), and in dimethyl sulfoxide for nitrofurantoin (46502).

mic. The MICs were determined by broth dilution in 96-well plates. Bacterial
colonies were resuspended in 0.9% NaCl to 0.5 McFarland and diluted 100-fold in
growth medium. In total, 50 pL cells were added to each well with 50 L antibiotic
solution resulting in a total volume of 100 pL per well containing approximately
10° cfu bacterial cells (10° cfu/mL). The microtiter plates were sealed and incu-
bated for 18 h at 37 °C before reading. All MIC tests were performed in three
biological replicates. Alist of the tested antibiotic concentration ranges and MIC
results can be found in S/ Appendix, Table Sé.
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Time Kill Assay. Approximately 10° cfu of exponentially growing cells were
added into 2 mL pre-warmed LB with Pluronics containing antibiotics at 8 x MIC
(~5 x 10° cfu/mL) and incubated shaking at 37 °C.After0,1,2,and 4 h, samples
were taken, diluted in 0.9% NaCl, and plated on LA plates. Plates were incubated
overnight at 37 °C after which colonies were counted. Bactericidal activity was
defined as >99% reduction of the initial inoculum size.

Determination of Mutation Frequency to High-Level Rifampicin and
Nitrofurantoin Resistance. Overnight cultures were diluted in fresh LB with
Pluronics and rifampicin/nitrofurantoin, and aliquots of 100 pL were distributed
in the wells of a 96-well microtiter plate. See SI Appendix, Tables S4 and S7
for details on the antibiotic concentrations and inoculum sizes for the different
species. A dilution series of each overnight culture was plated on LA plated to
determine the actual inoculation size for each well. The 96-well plates were sealed
and incubated for ~18 h shaking at 37 °C, and LA plates were incubated for
~18hat37 °C. From each positive well, 1 pL culture was transferred into 100 pL
fresh media containing the high antibiotic concentration to confirm high-level
resistance. Plates were sealed and incubated for ~18 h shaking at 37 °C before
growth was determined. Mutation frequencies were calculated by dividing the
number of positive wells by the combined bacterial inoculation size within the
96-well plate. All measurements were performed in biological triplicates, and
frequencies of resistance development atlow and high antibiotic concentrations
were compared using a two-sided two-sample t test.

Determination of Mutation Rate to Streptomycin Resistance. The mutation
rate to streptomycin resistance was used to compare the general mutation rates
in rifampicin-resistant isolates. Twenty 1 mL cultures of each isolate were grown
overnight shaking at 37 °C. Each culture was centrifuged for 5 min at 7,000 rpm
in a benchtop centrifuge (5424 R, Eppendorf). The bacterial pellets were resus-
pended in approximately 100 pL LB, plated on LA plates containing 100 mg/L
streptomycin, and incubated overnight at 37 °C. Mutation rates were calculated
according to the formula

1
p= - <N>In<P0>, [1]

where p is the mutation rate, N is the number of viable cells per plate (~2.8
x 10 cfu), and PO i the proportion of plates that did not give rise to streptomy-
cin-resistant colonies. A chi-squared test based on the number of cultures with
and without streptomycin-resistant colonies was used to compare the results from
the rifampicin-resistant isolates with wild-type E. coli. The results of the assay are
shown in S/ Appendix, Table S8.

Test for Preexisting Mutations. Five independent cultures of 1 mL LB with
Pluronics were inoculated and grown overnight shaking at 37 °C. From each
overnight culture, 200 pL were plated on LA plates supplemented with 425 mg/L
Pluronics and 100 mg/L rifampicin, and 10 wells of a 96-well microtiter plate
containing 100 pL LB supplemented with Pluronics and 16 mg/L rifampicin were
inoculated with 2 pL culture each (in total 20 pL overnight culture) (Fig. 4G). All
colonies on the plates containing 100 mg/L rifampicin were restreaked on the
same selective plates and mutations within the rpoB gene were identified by local
sequencing. From each positive well, 10 pL culture was plated on LA supplemented
with Pluronics and 100 mg/L rifampicin and incubated overnight at 37 °C. One
colony per plate was restreaked on the same selective media followed by identifi-
cation of mutations within the rpoB gene by local sequencing. For each of the five
independent cultures, the types of mutations isolated from selections at 100 mg/L
rifampicin were compared to the mutations isolated from selections using 16 mg/L
rifampicin (Fig. 4 I-M and Sl Appendiix, Table S3).The null hypothesis for preexisting
mutations was that the mutations from 16 mg/L rifampicin should be a subset of
the mutations from 100 mg/L rifampicin due to the 10-fold excess of culture used
in the selection for high-level rifampicin resistance (Fig. 4H).

PCR and Local DNA Sequencing. PCRs for local DNA sequencing were per-
formed using 2x PCR Master mix (Thermo Scientific). The following PCR program
was used: 95 °C for 3 min, 35 cycles of 95 °Cfor 30's, 50 °C for 30's, and 72 °C
for 1 min, followed by 72 °C for 10 min. Local sequencing was carried out by
Eurofins Genomics Europe Shared Services GmbH, Konstanz, Germany. Primer
design and sequence analysis were performed using the CLC Main Workbench
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21.0.3 (CLCbio, QIAGEN, Denmark). See SI Appendix, Table S9 for a list of
oligonucleotides.

Microfluidics Experiments. Microfluidic experiments were performed using a
modified version of the polydimethylsiloxane mother machine microfluidic chip
previously described (15).The version of the chip permitted simultaneous meas-
urements of four different antibiotic concentrations (Fig. 1B8). Medium pressure
was controlled using a homebuilt microfluidic flow controller.

For the microfluidic experiments, overnight cultures of cells were diluted
1,000-fold in fresh LB medium with Pluronics and grown shaking at 37 °C for
4 h before loading into the microfluidic chip. Cells were grown in the microfluidic
chip for approximately 2 h before the start of the experiments.

Microscopy was performed using a Ti2-E (Nikon)-inverted microscope
equipped with a CFl Plan Apochromat DM Lambda 1.45/100x objective (Nikon),
a DMK 38UX304 camera (The Imaging Source), and a Spectra Gen. 1 (Lumencor)
light source within a H201-ENCLOSURE hood with a H201-T-UNIT-BL controller
(OKOlab).The microscope was controlled by Micro-Manager (version 1.4.23)(32)
running in-house-built plugins. Phase-contrastimages were acquired every min-
ute or second minute with 80 ms exposure.

Data Analysis. Image analysis to determine single-cell growth rates was
done in MATLAB (Mathworks). Microscopy data were processed using an auto-
mated analysis pipeline developed previously (33), with one exception; seg-
mentation of phase-contrast images was done using a U-net neural network
(34) trained in-house. All raw data images and analysis software are openly
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accessible through Scilifelab data repository (https://doi.org/10.17044/
scilifelab.21517710).

All other data analyses were performed with R 4.0.3(35), and the results were
plotted using the R package ggplot2 3.3.3(36). Raw data and analyses scripts are
available online through Scilifelab data repository (https://doi.org/10.17044/
scilifelab.21517710).

Data, Materials, and Software Availability. Raw microscopy image data
and computational code used for analysis and plotting have been deposited
in https://www.scilifelab.se/data/repository/ [https://doi.org/10.17044/scilife-
lab.21517710].
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