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One sentence summary: Population-wide and single-cell studies on the adaptational changes of Bacillus subtilis to osmotic shifts and positive hysteresis to
aminoglycoside antibiotics identified a new cell phenotype tolerant to lethal concentrations of kanamyec.

Abstract

Bacterial communities exposed to rapid changes in their habitat encounter different forms of stress. Fluctuating conditions of the
microenvironment drive microorganisms to develop several stress responses to sustain growth and division, like altering gene ex-
pression and changing the cell’s physiology. It is commonly known that these protection systems may give rise to differently adapted
subpopulations and indirectly impact bacterial susceptibility to antimicrobials. This study focuses on the adaptation of a soil-dwelling
bacterium, Bacillus subtilis, to sudden osmotic changes, including transient and sustained osmotic upshift. Here, we demonstrate that
physiological changes caused by pre-exposure to osmotic stress facilitate B. subtilis’ entry into a quiescent state, helping them survive
when exposed to a lethal antibiotic concentration. We show that the adaptation to transient osmotic upshift with 0.6 M NaCl causes
decreased metabolic rates and lowered antibiotic-mediated ROS production when cells were exposed to the aminoglycoside antibi-
otic kanamycin. Using a microfluidic platform combined with time-lapse microscopy, we followed the uptake of fluorescently labelled
kanamycin and examined the metabolic activity of differently preadapted populations at a single-cell level. The microfluidics data
revealed that under the conditions tested, B. subtilis escapes from the bactericidal activity of kanamycin by entering into a nongrowing
dormant state. Combining single-cell studies and population-wide analysis of differently preadapted cultures, we demonstrate that

kanamycin-tolerant B. subtilis cells are entrapped in a viable but nonculturable (VBNC) state.
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Introduction

Unlike laboratory-controlled conditions, natural microbial habi-
tats are very dynamic and unpredictable. In nature, fluctuations
of environmental conditions vary in type (e.g. suboptimal temper-
atures, UV radiation, shifts in osmolality and pH, nutrients avail-
ability, and presence of antimicrobial compounds) and manifest
at different times and intensities. This uncertainty strongly in-
fluences the bacterial lifestyle and requires bacteria to monitor
the environment, activate various stress responses, and continu-
ously adapt their physiology to survive. However, the adaptation
to many environmental stresses may result in slower growth rates
and cause metabolic readaptations (Guo and Gross 2014, Soufi et
al. 2015, O'Brien et al. 2016, Anand et al. 2019, Niefs et al. 2019).
This fitness trade-off can be considered advantageous since re-
duced growth rates and entry into a low metabolic state can pro-
mote a subpopulation to enter into a so-called dormant or quies-
cent state in order to increase the long-term fitness of the progeny
(Balaban et al. 2004, Kussell et al. 2005, Lewis 2007, Rittershaus
et al. 2013, Kotte et al. 2014, Ray et al. 2016). Significantly, these
highly tolerant cell variants can withstand prolonged periods of
antibiotic pressure and rapidly revive upon suitable conditions;
therefore, they are often related to recurring infections (Mulcahy
et al. 2010, Fauvart et al. 2011, Fisher et al. 2017).

Microorganisms display several phenotypes that endure harsh
environmental conditions in a viable but nonreplicating state,
including persister and viable but nonculturable (VBNC) states
(Ayrapetyan et al. 2018). Persisters and VBNC cells are stochas-
tically present in the population (Ayrapetyan et al. 2015a, Manuse
et al. 2021), however, they can also be generated by environmen-
tal stresses (Nowakowska and Oliver 2013, Helaine and Kugel-
berg 2014, Kubistova et al. 2018). These dormant cell variants
can be differentiated from truly dormant endospores since, un-
like spores, they maintain basal metabolic rates throughout the
period of stress (Amato et al. 2013, Kotte et al. 2014, Radzikowski et
al. 2016) and do not undergo evident morphological changes. De-
spite the metabolic capacity of persisters and VBNC cells to revive
when the stressor is removed, VBNC cells have lost their ability to
regrow immediately on a medium that typically supports prolif-
eration (Oliver and Bockian 1995, Oliver 2000, Oliver et al. 2005,
Nowakowska and Oliver 2013, Ayrapetyan et al. 2015a). While per-
sisters can rapidly regrow on growth-promoting media, the VBNC
cells require prolonged treatment to regain full culturability. Thus,
it has been proposed that these coexisting survival strategies are
part of a dormancy continuum in which persisters can progress
into a deeper dormancy state and become VBNC cells (Ayrapetyan
et al. 2015a, 2015b, Pu et al. 2019).
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As a soil bacterium, Bacillus subtilis is exposed to frequent
changes in its environment (Earl et al. 2008). For example, be-
cause of interchanging periods of flooding and drying of the up-
per layers of the soil, B. subtilis is continuously exposed to osmotic
stress (Hoffmann and Bremer 2016). To survive under hypo- and
hyperosmotic conditions, it employs a step-wise response strat-
egy to maintain turgor, minimize cellular damage, and prolifer-
ate (Whatmore et al. 1990, Brill et al. 2011, Wood 2011, Hoffmann
and Bremer 2016, Bremer and Kramer 2019). Notably, the cellu-
lar adaptations to the osmotic stress result in a reduced growth
rate, contributing to increased antibiotic tolerance. This is pri-
marily because of the immediate changes in turgor pressure and
membrane tension, which directly modify the elongation rates by
inhibiting peptidoglycan synthesis (Misra et al. 2013, Rojas et al.
2017, Rojas and Huang 2018). Second, the adaptation to the os-
motic stress comes with an energetic cost due to the activation of
the general stress response and the metabolic rerouting towards
a so-called osmo-adaptive pathway to synthesize and maintain
a pool of osmoprotectants. These metabolic adaptations can in-
terfere with other metabolic processes by allocating carbon re-
sources and energy to the synthesis of an osmo-specific proteome
instead of into anabolic pathways (Hahne et al. 2010, Schroeter et
al. 2013, Kohlstedt et al. 2014, Sévin and Sauer 2014, Sévin et al.
2016, Niefs et al. 2019, Godard et al. 2020).

High salt environments are also present in the human body,
hence, it is essential to determine the mechanisms used by mi-
croorganisms to differentiate under these conditions and be-
come resistant to antibiotics. Here, we examined the adapta-
tion of B. subtilis to osmotic stress and studied its resilience to
aminoglycoside antibiotics upon osmotic upshifts. We observed
that growth behavior and physiology in presence of aminogly-
cosides differed depending on the prior preadaptation with os-
motic stress. Furthermore, we studied single cell morphological
and physiological changes in microfluidics in response to fluo-
rescently labelled kanamycin and osmotic adaptation. This study
shows how osmotic shifts modulate B. subtilis membrane poten-
tial and metabolic activity and promote the entry into the VBNC
state when treated with lethal doses of kanamycin.

Methods

Bacterial strains, culture conditions, and media

All tested strains used in this study are derivatives of the B. subtilis
168 trpC2 laboratory strain. Bacillus subtilis strains were grown in
Spizizen’s Minimal Medium (Harwood and Cutting 1990; 1XSMM)
supplemented with 0.5% (w/v) glucose, 1% (v/v) trace elements
and, for tryptophan-autotroph strains, 0.5% (w/v) tryptophan. To
maintain the same culture conditions, the 3-day cultivation was
performed as follows: B. subtilis was streaked on selective LB agar
plates and incubated overnight (O/N) at 37°C. The next morning,
3 ml liquid LB was inoculated with a single colony and incubated
for 8 hours at 37°C and 220 rpm. After the incubation period, the
culture was diluted 1:1000 in supplemented 1XSMM medium and
grown O/N at 37°C and 220 rpm. The overnight culture was diluted
to OD600 of 0.08 in fresh 1XSMM medium and grown until the
OD600 reached a value of 0.3. The exponentially growing culture
was immediately subjected to osmotic stress, and the following
measurements described below were taken when appropriate.

Antibiotic resistance screening

Antibiotic resistance was tested in 96-well microtiter plates using
a Varioskan™ LUX multimode microplate reader (Thermofisher).

An exponentially growing culture was grown in complete SMM
with or without 0.6 M NaCl for 90 minutes and centrifuged at 4000
relative centrifugal force (rcf) for 3 minutes. The cell pellet was re-
suspended in fresh SMM with (sustained osmotic upshift) or with-
out 0.6 M NaCl (sudden osmotic downshift) to the final OD600 of
0.1. Subsequently, cells were loaded into a 96-well microtiter plate
containing a series of dilutions of tested antibiotics. The final vol-
ume of culture was 135 ul per well. OD600 measurements were
performed at 37°C and 220 rpm, every 5 minutes over 18 hours.
At least two independent experiments were performed for each
condition.

Microfluidics experiments

The experiments were performed with the CellASIC ONIX mi-
crofluidic device (Merck Millipore) in a BO4A plate. The plate was
primed with the medium before the experiment, using the manu-
facturer’s specifications. A pump pressure of 0.25 psi drove the
flow rate of the supplied medium. Exponentially growing cells
were diluted in the complete SMM to OD600 0.05 and subse-
quently loaded on the microfluidics plate. The microfluidic plate
was mounted on an Olympus IX71 DeltaVision microscope, for
fluorescence time-lapse microscopy. The changes of growth con-
ditions in each chamber were performed accordingly: preadapta-
tion with or without 0.6 M NaCl SMM; antibiotic treatment with
62.5 pg/ml kanamycin in SMM with (sustained osmotic upshift)
or without 0.6 M NacCl (sudden osmotic downshift); of SMM. The
exposure time to each condition is indicated in the manuscript ac-
cordingly. Cells were tracked by imaging phase-contrast and flu-
orescence every 15 minutes, typically over 24 hours. All experi-
ments were performed at 37°C.

Single-cell analysis of growth rates and the
fluorescent signal from time-lapse microscopy
Single-cell tracking and data analysis were performed with Im-
age] software and Microbe] plugin (Ducret et al. 2016). The relative
growth of the cell was determined from the cell volumes (um?),
determined with: V. = 0.549 - A%/3 (Zeder et al. 2011), at succes-
sive time points. Once a growing population has reached a steady-
state, the calculation of growth rates was performed in GraphPad
Prism 8, by fitting data into the Malthusian exponential growth
equation.

Kanamycin uptake measurements

Kanamycin uptake was measured with a conjugate of
kanamycin-Texas Red. The conjugate was synthesized with
Texas Red™-X, the Succinimidyl Ester Labeling kit (Thermofisher)
according to the manufacturer's specifications: 10 mg/ml
kanamycin was dissolved in 0.1-0.2 M sodium bicarbonate buffer,
pH 8.3 mixed with 2 mg/ml Texas Red™-X, Succinimidyl Ester
in N, N-dimethylformamide and agitated at 4°C for 72 hours.
For the time-lapse experiments: to capture phase contrast and
the fluorescent signal from kanamycin-Texas Red conjugate, a
60X phase contrast objective (NA 1.4, oil-immersion, DV) was
used. The mCherry filter set with exposure time 0.5 seconds and
transmission 10% was used to visualize the conjugate.

Reactive oxygen species measurements

Reactive oxygen species (ROS) levels were measured using 10 pM
of 2’,7’-dichlorofluorescein diacetate (H,DCFDA) fluorescent dye.
All measurements were performed in 96-well black microtiter
plates using Varioskan™ LUX multimode microplate reader (Ther-
mofisher). An exponentially growing culture was exposed to 0.6 M



NacCl for 90 minutes, diluted to an OD600 of 0.1 in fresh SMM with
or without 0.6 M NaCl, and exposed to antibiotics. Final microtiter
plate volume was 135 ul per well. OD600 was measured every
5 minutes over 18 hours. At least two independent experiments
were performed for each condition. Fluorescence was measured
with excitation at 488 nm and emission at 510 nm. The control
without H,DCFDA was used to correct for autofluorescence.

Membrane potential measurements

An exponentially growing culture was exposed to SMM with or
without 0.6 M NacCl for 90 minutes, diluted to an OD600 of 0.08 in
fresh SMM with or without 0.6 M NaCl and exposed to antibiotics.
Membrane potential dynamics were measured using Thioflavin-
T (ThT)—a cationic Nernstian dye, at 10 uM. ThT fluorescence is
known to increase when the inside of the cell becomes more nega-
tive; therefore, ThT is inversely related to the membrane potential.
For the time-lapse microscopy and 96-well plates experiments,
the excitation: 440 nm and emission: 490 nm was used to mea-
sure the fluorescence. In the case of microtiter plate experiments,
for the positive control, 5 uM of carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) was added to the nonstressed culture to quench
the membrane potential.

Intracellular ATP levels

ATP levels of antibiotic-treated cells were determined with the
BacTiter-Glo™ microbial cell viability assay kit (Promega). A to-
tal of 5 uM of CCCP was used as a positive control. Measurements
were performed every hour for a total time of 4 hours postantibi-
otic treatment. At each time point, 100 pl cell culture was added to
100 ul BacTiter-Glo™ reagent and incubated at room temperature
for 5 minutes. Luminescence was measured with a Tecan Infinite
F200 Pro luminometer. The intracellular ATP concentration was
determined with a standard curve made with a commercial ATP
solution.

VNBC cell estimation

The fraction of VNBC cells of sporulation-deficient B. subtilis 168
AsigF after 18 hours of 62.5 pg/ml kanamycin treatment was esti-
mated using, a CytoFLEX S Flow Cytometer (Beckman Coulter) and
the LIVE/DEAD™ BacLight™ Bacterial Viability Kit (ThermoFisher)
with the green-fluorescent SYTO 9 dye and red-fluorescent pro-
pidium iodide (PI). SYTO 9 labels all bacteria in a population—
those with intact membranes and those with damaged mem-
branes. In contrast, PI preferentially penetrates bacteria with
damaged membranes, causing a reduction in the SYTO 9 stain flu-
orescence when both dyes are present. Therefore, decreased green
fluorescence and increased red fluorescence indicate a damaged
population. Before the measurements, samples were stained ac-
cordingly to the manufacturer’s suggestions, and diluted 2-fold
in phosphate-buffered saline buffer [PBS, Boom (Oxoid)]. Subse-
quently, 100 000 events were recorded and the data was analyzed
in the FlowJo 7 software.

Results

Environmentally stressed B. subtilis is more
tolerant to kanamycin

To investigate the effects of osmotic stress on antibiotic tolerance
development, we designed a step-wise adaptation experiment in
which we emulated sudden environmental shifts and followed the
outgrowth of the well-characterized laboratory strain B. subtilis
168 (Fig. 1). Liquid cultures of B. subtilis 168 were preadapted to
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Figure 1. Schematic representation of the experimental setup. The
exponentially growing culture of B. subtilis 168 in SMM was divided into
two equal parts. (1) One part of the culture was exposed to 0.6 M NaCl for
90 minutes, whereas the control (the yellow flask) continued to grow in
SMM media without salt. (2) After 90 minutes, cells from all the samples
were collected and washed with appropriate fresh media and their
0OD600 was adjusted to 0.1. Nonstressed cells were washed with fresh
SMM without (3a) and with 0.6 M NacCl (3b), resulting in nonstressed
control cells and cells exposed to osmotic upshift. Preadapted with salt,
cells were washed with fresh SMM with (3c) or without (3d) 0.6 M NaCl,
resulting in cells growing in sustained hyperosmotic conditions and
experiencing transient hypo-osmotic stress, respectively. All cultures
were subsequently exposed to increasing concentrations of kanamycin,
and the outgrowth was monitored for 18 hours.

a nonlethal concentration of sodium chloride (0.6 M NacCl) for 90
minutes to activate the general stress response and synthesize a
sufficient amount of proline to protect the cell from adverse ef-
fects of water outflow and prolonged plasmolysis (Brill et al. 2011;
Fig. 1.2). After the preadaptation step, the osmotically challenged
cells were transferred to fresh media with or without salt, and
their susceptibility to aminoglycosides was tested (Fig. 1.3). Subse-
quently, we performed dose-response assays with increasing an-
tibiotic concentrations and followed the growth of all the bacterial
populations (Fig. 2). All experiments were conducted in SMM min-
imal media supplemented with 0.5% glucose as a primary carbon
source to avoid severe starvation conditions and limit sporulation.

The analysis of the outgrowth data showed that B. subtilis re-
sponds to 90 minutes of hyperosmotic stress with suppressed
growth, observed by a substantial decrease in growth rate (;
Fig. 2A). This reduced growth may result directly from mechan-
ical stress of the cell envelope (Misra et al. 2013, Rojas et al. 2017),
as well as from metabolic shifts towards activating general stress
response and synthesizing osmoprotectants induced under pro-
longed osmotic upshift (Kohlstedt et al. 2014, Godard et al. 2020).

Comparing the growth-inhibition profiles of differently
preadapted cultures exposed to kanamycin revealed that cells
continuously exposed to 0.6 M NaCl could grow and divide at all
kanamycin concentrations tested and survive even 16 times the
minimal inhibitory concentration (15.625 pg/ml; Fig. 2B and C).
In this particular case, for almost all concentrations tested, the
growth behavior was unaffected by the presence of kanamycin,
resembling the outgrowth of cells without antibiotics. Similar
growth behavior was observed for cells exposed simultaneously
to 0.6 M NaCl and kanamycin (Fig. 2D), showing that the 90
minutes preadaptation period is not essential for cells to become
kanamycin-insensitive when continuously growing in the pres-
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Figure 2. Aminoglycoside tolerance of osmotically preadapted culture of B. subtilis 168. Growth curves for B. subtilis 168 during and after 90 minutes of
0.6 M NaCl pretreatment in SMM. (A) Represents the outgrowth of cultures during the pretreatment step with indicated growth rate values in h=* ().
(B)—(E) Represent the outgrowth of differently preadapted B. subtilis cultures in the presence of increasing concentrations of kanamycin (0-250 pg/ml).
(B) Shows the control conditions without osmostress pretreatment. The black curve indicates the outgrowth of cultures without antibiotics for each
experiment. The shaded area of growth was taken into calculations of growth rates of the control samples without kanamyecin, with p indicating
values (h™!). The calculations of doubling time were determined in GraphPad Prism 8 using nonlinear regression fit analysis (Malthusian exponential
growth) based on the period of exponential growth marked with shaded areas. All measurements were performed in biological triplicates, and the

mean values were plotted on the graphs. Error bars (SEM, n = 3)

ence of sodium chloride. Following these observations, we tested
a range of different classes of antibiotics (Table 1) to determine
whether the sensitivity of B. subtilis to tested antibiotics changed
when cells were growing in a sustained osmotic upshift. Amongst
all tested antibiotics, the outgrowth experiments showed that the
most prominent protective effect was present only when cells
were exposed to bactericidal aminoglycosides: kanamycin and
gentamycin (Figure S1, Supporting Information). This indicates
that despite reduced growth rates (Fig. 2C), the susceptibly of os-
motically stressed cells to other antibiotics was not significantly
affected.

Interestingly, in the case of sudden osmotic downshift, we
found that the cells were not as insensitive to kanamycin as those
exposed to prolonged osmotic upshift, but also not entirely sus-
ceptible as the untreated cells (no osmostress; Fig. 2E). Addition-

ally, after 5 hours of drug exposure, we did not observe a decrease
in optical density, characteristic of cells without a pretreatment
step. Instead, the OD600 values indicated that cells experienc-
ing simultaneous osmotic downshift and kanamycin treatment
do not lyse.

Changes in the membrane potential indicate
limited kanamycin uptake in osmostressed B.
subtilis

Aminoglycosides are broad-spectrum antibiotics commonly used
to control Gram-negative and some Gram-positive bacterial in-
fections. Their bactericidal effect has been long studied; however,
their exact mechanisms of action are still- and long-discussed
(Kohanski et al. 2007, 2010, Ezraty et al. 2013, Keren et al. 2013,
Bruni and Kralj 2020, Damper and Epstein 1981). To date, it is
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Table 1. Summary of the cross-protection experiments with different classes of antibiotics. Bacillus subtilis 168 was preadapted with 0.6 M
NaCl and tested against different classes of antibiotics with different targets and mechanisms of action.

Protection in

sustained

osmotic
Antibiotic Class Target Bactericidal/bacteriostatic upshift
Kanamycin Aminoglycosides 30 s ribosome subunit Bactericidal Yes
Gentamicin Aminoglycosides 30 s ribosome subunit Bactericidal Yes
Ehromycin Macrolides 50 s ribosome subunit Bacteriostatic No
Ciprofloxacin Fluoroquinolones DNA gyrase Bactericidal No
Spectinomycin Aminocyclitols 30 s ribosome subunit Bacteriostatic No
Tetracycline Polyketides 30 s ribosome subunit Bacteriostatic No

known that aminoglycosides impair protein synthesis by bind-
ing to the 70S ribosome (Borovinskaya et al. 2007, Taber et al.
1987). The misfolded proteins cause several adverse secondary ef-
fects thatlead to cell death, including membrane damage, positive
feedback of drug uptake, and the formation of highly toxic ROS
(Hancock et al. 1981, Nichols and Young 1985, Davis et al. 1986,
Kohanski et al. 2007, 2010, Ramirez and Tolmasky 2010, Ezraty et
al. 2013, Taber et al. 1987). However, aminoglycosides need to be
transported inside the bacterial cell to reach bacterial ribosomes.
Previous studies showed that the uptake of aminoglycosides is
an energy-dependent process and is intrinsically tied to mem-
brane potential (Leviton et al. 1995, Damper and Epstein 1981,
Taber et al. 1987), yet the recent work of Bruni and Kralj (2020),
elegantly showed that aminoglycosides could be transported in-
side the cell with dissipated membrane potential. Nevertheless,
the high membrane potential facilitates the uptake of aminogly-
cosides, and since exposure to osmotic stress can induce changes
in respiration and reduce the membrane potential, we reasoned
that osmotically challenged B. subtilis cells limited the uptake of
aminoglycosides (Fig. 2D).

To investigate the changes in membrane potential of differ-
ently pretreated populations, we followed the fluorescent signal
changes from ThT, a cationic Nernstian dye. Because ThT binds
to hyperpolarized membranes (negatively charged), the measured
fluorescent signal inversely correlates with the membrane poten-
tial (Prindle et al. 2015, Humphries et al. 2017). Microscopic anal-
ysis of the ThT fluorescence revealed that membranes of osmoti-
cally challenged cells were less negatively charged than the mem-
branes of untreated cells, indicating a decreased membrane po-
tential after 90 minutes of salt pretreatment (Fig. 3A). Additionally,
the outgrowth experiments showed that exposure of untreated
cells to kanamycin induces membrane polarization and increases
the membrane potential upon the antibiotic’s entry (Fig. 3B). The
following correlation was found: the higher the antibiotic concen-
tration, the higher the polarization of the membranes. Moreover,
kanamycin caused prolonged membrane hyperpolarization. This
data supports the proposed killing mechanism of bactericidal an-
tibiotics targeting translation, including aminoglycosides, which
display membrane hyperpolarization directly preceding cell lysis
(Kohanski et al. 2007, Lobritz et al. 2015, Lee et al. 2019, Bruni and
Kralj 2020). The level of hyperpolarization depends on the amount
of antibiotic that can penetrate the cell envelope, impair trans-
lation, cause protein mistranslation, and induce membrane pore
formation.

Interestingly, a similar correlation between membrane hy-
perpolarization and antibiotic concentration was found with a
sudden osmotic downshift treatment (Fig. 3C). However, here
the induced membrane hyperpolarization due to the antibiotic

treatment did not cause cell lysis. The differences in the ThT
signal intensity between cells with and without the 90 minutes of
salt pretreatment may result from the changes in the membrane
potential upon osmotic shifts (Fig. 3A).

For the cells exposed to sustained osmotic stress, kanamycin
treatment did not cause severe membrane hyperpolarization
(Fig. 3D), as observed for kanamycin-sensitive cells. Moreover, the
antibiotic concentration-dependent effect on membrane polar-
ization was less prominent, suggesting that the presence of 0.6 M
NacCl in the media reduced the uptake of kanamycin. Interest-
ingly, the cells exposed to the highest kanamycin concentrations
displayed severely reduced growth, indicating that a sufficient
amount of the administered kanamycin could enter the cell and
reduce its growth rate; however, it did not cause membrane hyper-
polarization (Fig. 3D). Both the outgrowth and ThT measurements
indicate that for the highest antibiotic concentration, the 0.6 M
NacCl treatment averted the bactericidal effects of kanamycin by
likely reducing its intracellular levels. Taken all together, we pro-
pose that under sustained osmotic stress conditions, the entry of
kanamycinislimited, enabling B. subtilis cells to tolerate the killing
concentrations of kanamyecin in the media.

ROS formation in antibiotic-treated cultures
reflects the kanamycin-induced cell damage in
environmentally stressed B. subtilis

It has been proposed that aminoglycosides, upon entry, im-
pose cell damage by impeding protein translation and induc-
ing envelope stress response (Davis et al. 1986, Busse et al.
1992, Kohanski et al. 2008). However, when the primary dam-
age is insufficient in killing the cells, the downstream cascade of
events induces secondary damage by accumulating lethal con-
centrations of ROS (Hong et al. 2019). Therefore, to investigate
the lethal effect of kanamycin on B. subtilis cells, we followed
the ROS formation in bulk cultures. To follow the changes in
the ROS pools of the antibiotic-treated cultures, we used 2’,7'-
dichlorodihydrofluorescein diacetate (H,DCFDA), a chemically re-
duced form of fluorescein. Inside the cell, H,DCFDA is cleaved by
intracellular esterases and oxidized in the presence of hydroxyl
radicals to the highly fluorescent 2’,7’-dichlorofluorescein (DCF).
Thus, the conversion of HyDCFDA to DCF directly corresponds to
the ROS levels.

Unsurprisingly, for the control cells without the pretreatment
step, the analysis of changes in fluorescent signal indicated
a significant increase in ROS formation upon antibiotic treat-
ment (Fig. 4A). The most severe increase in the fluorescent sig-
nal was observed after 5 hours and highly correlated with in-
creased cell lysis, showing that ROS accumulation results from
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Figure 3. Membrane potential measurements in differently adapted B. subtilis 168 cultures. (A) Micrographs of B. subtilis grown in SMM with and
without 0.6 M NacCl for 90 minutes prior to antibiotic exposure. For the outgrowth measurements experiment, (B)-(D) differently pretreated cultures of
B. subtilis 168 were washed and transferred to a 96-well plate with fresh media with or without 0.6 M NaCl in the presence of kanamycin and ThT and
diluted to the starting OD600 = 0.2. The left side panels represent measurements of relative fluorescent signal of ThT from (B)—untreated cells,
(C)—cells experiencing sudden osmotic downshift, and (D)—cells exposed to sustained osmotic upshift. Panels on the right show the outgrowth data
of differently preadapted cultures, respectively. The black curve indicates the outgrowth of cultures without antibiotics for each experiment. Graphs

show the mean signal from two independent biological replicates.

induced cell death by kanamycin. Interestingly, up to 125 pg/ml
kanamycin concentration, we observed a dose-dependent effect
of kanamycin on ROS accumulation in kanamycin-sensitive cells
(Fig. 4A and D).

In the case of cells that underwent sudden osmotic downshift
(Fig. 4B), the intracellular ROS levels were significantly lower than
the kanamycin-sensitive cells. At 5 hours postantibiotic treat-
ment, the intensity of DCF fluorescence was 3.6-fold lower than
that of kanamycin-sensitive cells, at 125 pg/ml kanamycin. A
similar effect was observed for the cells exposed to the sus-
tained osmotic upshift (3.8-fold change; Fig. 4D). Cumulatively,
hydroxyl radical results suggest that in the case of the sud-
den osmotic downshift, the bactericidal effects of kanamycin
are less severe than that of kanamycin-sensitive cells. Although
the pretreated cells accumulate kanamycin, their biochemical
response to the antibiotic is less severe than that of untreated
cells.

Kanamycin uptake at the single-cell level

To better understand the physiology of antibiotic-resistant cells
and complete the study on the antibiotic uptake at the single-cell
level, we performed time-lapse microscopy with a fluorescently
labelled kanamycin-Texas Red conjugate. Using microfluidics, we
applied various conditions sequentially and followed the cells’ re-
sponse to the sudden environmental changes. Accordingly, we ex-
posed exponentially growing cultures of B. subtilis to the follow-
ing conditions: 90 minutes of preadaptation to osmotic upshift,
16 hours of kanamycin-Texas Red exposure, and 5 hours of opti-
mal growth conditions in SMM (Fig. 5A-C). Additionally, since the
switch between different osmolarity environments is very rapid
(i.e. sudden osmotic downshift) and cells have limited time to
recover from the pretreatment conditions, we tested whether a
longer readaptation to neutral osmolarity could boost the growth
rates and consequently increase the sensitivity to kanamycin
(Fig. SD).
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Figure 4. Measurement of ROS levels in kanamycin-treated B. subtilis 168 cultures with and without 0.6 M NaCl pretreatment. The exponentially
growing B. subtilis 168 cells were first exposed to 0.6 M NaCl for 90 minutes in a growing culture in a liquid medium. After the pretreatment step, cells
were supplemented with H,DCFDA and subsequently transferred to a 96-well plate with SMM media in the presence of a kanamycin gradient, and the
optical density of the culture and the fluorescence were measured using the microplate reader for 18 hours. Graphs represent measurements of
relative fluorescent signal of DCF from (A)—untreated cells, (B)—cells exposed to sustained osmotic stress, and (C)—cells experiencing sudden osmotic
downshift. The black curve indicates the outgrowth of cultures without antibiotics for each experiment. Graphs show the mean signal from three
independent replicates. The black dotted line indicates 5 hours of antibiotic treatment. (D)—Shows the comparison of DCF fluorescence at 5 hours’

time point across tested conditions.

The single-cell analysis confirmed previous observations of dis-
tinct growth behaviors for differently preadapted B. subtilis cul-
tures (Figure S2, Supporting Information). Bacteria that suffered
solely from antibiotic exposure (no osmostress pretreatment) dis-
played characteristic growth inhibition and autolysis when chal-
lenged with kanamyecin (Fig. 6A). We observed that the autolysis

was preceded by cytoplasmic condensation and a protein aggrega-
tion phenotype, typical of aminoglycoside treatment, manifested
with dark bodies at the cell poles and phase-light areas in between
(Fig. 6E). After 5 hours of antibiotic exposure, the fluorescent sig-
nal from kanamycin-Texas Red was mainly localized at the cell
poles and near the division sites, indicating putative entry regions
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Figure 5. Schematic overview of the experimental microfluidics setup Exponentially growing cells were loaded on a commercial microfluidic plate and
subjected to a series of changes in environmental conditions. Different stress conditions are depicted with different coloured boxes. Treatment time is
indicated above the boxes. The final concentration of kanamycin used for the time-lapse experiments was 62.5 pg/ml.

(Fig. 6F). Further on, the conjugate gradually accumulated in the
cytoplasm of the treated cells, which later displayed lysis within
16 hours of incubation (Fig. 6A). Notably, 16 hours of exposure
to 62.5 pug/ml kanamycin showed high cell-to-cell variability in
terms of survival. After 16 hours of incubation with antibiotics,
not all the cells displayed lysis, even though the drug was accu-
mulated inside the cell.

In the case of the sustained osmotic upshift, microscopic data
revealed that kanamycin could not enter the cell (Fig. 6B and G),
which explains why B. subtilis cells could grow and divide in the
presence of kanamycin (Figure S2B, Supporting Information). The
fluorescent signal from kanamycin-Texas Red™ was hardly de-
tected and mainly localized at the cell poles and the division sites.
Consequently, we did not observe any morphological changes
pointing to protein aggregation and lysis. Interestingly, the inten-
sity of the signal increased immediately when the ionic strength
of the environment changed after switching to SMM (Fig. 6H and I).
This boosted adsorption of the antibiotic conjugate to the cell sur-
face after salt removal suggests that the ionic interactions be-
tween B. subtilis’ cell surface and polycationic kanamycin are cru-
cial for efficient drug uptake, supporting findings of Kaduruga-
muwa et al. (1993a,b).

In agreement with the membrane potential data, time-lapse
microscopy showed that cells experiencing sudden osmotic down-
shift efficiently accumulated kanamycin-Texas Red (Fig. 6C
and G), similarly to the untreated cells (Fig. 6A and G). Af-
ter 16 hours of antibiotic treatment, all cells accumulated flu-
orescent conjugate; however, we did not observe protein ag-
gregation and cell lysis, unlike in the case of untreated cells.
This antibiotic-tolerant phenotype could not be revived with 5
hours of growth in drug-free SMM (Fig. 6C). Additionally, al-
though kanamycin was removed from the environment, the pre-
viously accumulated drug was still present inside the cytoplasm,
likely impairing translation and altering cell growth and division.
Over time, the fluorescent signal from the conjugate decreased
(Fig. 6G), suggesting that cells were able to remove or neutral-
ize it gradually. However, cells could still not recover and form
microcolonies.

Aminoglycosides are ineffective when used against slow-
growing or dormant bacteria, and bacterial-resistant populations
can be efficiently eradicated with metabolic stimulation by nutri-
ents supplementation (Allison et al. 2011, Helaine and Kugelberg
2014). Since 90 minutes of osmotic upshift decreases the growth
rate and membrane potential of B. subtilis cells, we wondered if the
metabolic boost before the antibiotic treatment can resensitize
pretreated cells to kanamycin. In order to boost the metabolism of
slow-growing pretreated cells, we washed them with fresh media
and incubated for 3 hours prior to antibiotic exposure. Interest-
ingly, we found 3 hours of incubation in SMM resensitized cells to
kanamycin (Fig. 6D). Time-lapse microscopy showed that within 3
hours, cells resumed growth and underwent two division cycles,
pointing to increased metabolic rates and active protein synthesis
(Figure S2D, Supporting Information). Similarly to the control con-
ditions, readapted cells accumulated fluorescent conjugate and
displayed characteristic phenotype with cytoplasmic condensa-
tion and protein aggregation (Fig. 6D). Eventually, most of the pop-
ulation lysed within 16 hours of antibiotic treatment.

Together, these results reveal that besides the ionic interac-
tion between the antibiotic and the cell envelope, the differences
in metabolic and proliferation rates have a detrimental effect
on the survival of environmentally stressed B. subtilis when ex-
posed to the bactericidal antibiotic like kanamycin. We show
that extremely slow-growing cells (Figure S2C, Supporting Infor-
mation) are more tolerant to critical doses of antibiotics than
the fast-growing ones (Figure S2A and S2D, Supporting Informa-
tion). Therefore, we speculate that metabolic adaptations due to
the osmostress pretreatment and simultaneous kanamycin stress
avert the bactericidal effects of kanamycin, manifested by the in-
creased tolerance of B. subtilis to the antibiotic.

Pre-exposure to hyperosmotic stress promotes B.
subtilis entry into a low-metabolic state

Entry into dormancy enables bacteria to persist for long peri-
ods under adverse conditions, including exposure to antibiotics.
As the foregoing data suggest, the preadaptation to the hyperos-
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Figure 6. Uptake of fluorescently labelled kanamyecin in differently preadapted B. subtilis 168 cultures. After reaching an OD600 of 0.35, B. subtilis 168
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indicate lysed cells with dark foci of protein aggregates. (E) Shows micrographs of antibiotic-stressed cells displaying cytoplasmic condensation and
protein aggregation phenotype, indicated with yellow arrows. (F) Kanamycin-Texas Red uptake in untreated with salt cells after 5 hours from antibiotic
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motic stress caused a significant decrease in metabolic activity
and reduced growth rates. Therefore, we suspected that the pop-
ulation of pretreated B. subtilis enters dormancy and increases
their tolerance to kanamycin. To provide more insights into the
metabolic activity involved in developing the antibiotic-tolerant
phenotype, we performed a time-lapse microscopy experiment,
in which we followed metabolic changes of single cells using cal-
cein acetoxymethyl ester (CAM). CAM conversion to calcein violet
(CV) was successfully applied to distinguish nonviable cells from
metabolically active but not growing cells (Kramer et al. 2015,
Hendon-Dunn et al. 2016). Since only metabolically active cells
can enzymatically convert nonfluorescent CAM to fluorescent CV
and transport the fluorochrome out in an energy-dependent man-
ner, the mean CV fluorescence signal obtained from a single non-
dividing cell, while CAM is continuously perfused with the media,
offers a relative measure of its metabolic rates in time (Kramer
et al. 2015). Highly energized, fast-growing cells are expected to
display moderate levels of the mean CV signal due to the con-
stant turnover of CAM. For the nongrowing but metabolically ac-
tive cells, CAM conversion to CV is maintained by the intracellular
esterases; however, the active export of CV is less efficient; there-
fore, the mean CV signal should be significantly higher than that
of fast-growing cells.

Using a microfluidic system, we followed the changes in CV
fluorescence across the following conditions: 90 minutes with or
without 0.6 M NaCl pretreatment, 16 hours of kanamycin expo-
surein SMM and 5 hours of wash-out with kanamycin-free growth
media. Additionally, to distinguish metabolically active nongrow-
ing cells from dead cells, we used PI. This cationic dye prefer-
entially penetrates cells with damaged membranes, indicating
membrane discontinuity and cell lysis.

Time-lapse microscopy confirmed that the preadaptation to os-
motic upshift impairs the metabolism of B. subtilis cells. Within 90
minutes of the preadaptation period, viable cells displayed moder-
ate CV fluorescence, whereas the preadapted with 0.6 M NaCl cells
with reduced growth rates were highly fluorescent (Fig. 7A-D). The
initial differences in the CV fluorescence between actively grow-
ing cells (untreated) versus slow growing ones (pretreated) are
caused by different capacity of CAM turnover. After the preadap-
tation period, we followed the effect of kanamycin on each cul-
ture’s growth and metabolic activity. Interestingly, for both studied
populations, B. subtilis displayed high cell-to-cell variation in the
mean CV fluorescence when exposed to kanamyecin (Fig. 8A and B),
which can be explained by the kanamycin’s interaction with the
cell envelope and further membrane pore formation. Moreover,
we found that in the case of untreated cells, a transient in-
crease in the CV fluorescent signal was mainly preceding cell lysis
(Fig. 7E).

For the cells exposed to sudden osmotic downshift, we observed
an initial drop in the mean CV fluorescence signal after the pre-
treatment with 0.6 M NaCl (Fig. 7B and D); however, this change
was observed due to the sudden changes in the environment'’s os-
molarity rather than to the immediate boost in the metabolic ac-
tivity. Interestingly, 3.5 hours after kanamycin administration to
the media, most of the population slowly regained the CV signal,
suggesting that nondividing cells gradually converted CAM, ev-
idencing active metabolism of nondividing cells upon antibiotic
treatment.

The final treatment with a drug-free medium showed that, in
both studied cases, nondividing cells boosted their metabolism,
indicated by the increase in the CV fluorescence on a single-cell
level (Fig. 8). The metabolic boost caused a significant increase in
cell death for the untreated cell, whereas, for the pretreated cells,

approximately 50% of the population indicated cell damage, but
we did not observe cell lysis (Figs 7F and 8B).

Kanamycin treatment upon sudden change in
osmotic pressure extends membrane
hyperpolarization in B. subtilis

The time-lapse microscopy revealed that pretreated cells after
sudden osmotic downshift and exposure to a high kanamycin
concentration are fixed in a nondividing but metabolically active
state (Fig. 8B). Recent studies on ribosome targeting antibiotics, in-
cluding kanamyecin, showed that growth-defective B. subtilis cells
exhibit a transient membrane hyperpolarization, followed by cell
death (Lee et al. 2019). Importantly, it was observed that cells dis-
played a high cell-to-cell variation in terms of the level of mem-
brane hyperpolarization. Previously we showed that exposure to
the same concentrations of kanamycin in pretreated and un-
treated cells resulted in significant differences in membrane hy-
perpolarization on a population-wide level, indicating that pre-
treated cells were less affected by kanamyecin (Fig. 3B and C). How-
ever, we wondered how these cells respond to kanamyecin insults
on a single-cell level during and postantibiotic treatment. There-
fore, we evaluated the changes in membrane potential of nondi-
viding but metabolically active cells during 10 hours of kanamycin
treatment and 20 hours of readaptation to SMM on a single-cell
level.

The microscopy data confirmed a significant increase in mem-
brane hyperpolarization upon sudden osmotic downshift and
kanamycin treatment (Fig. 9). The mean ThT fluorescent signal
immediately increased upon osmotic downshift and antibiotic
treatment and remained relatively high after the antibiotic re-
moval (Fig. 9A). Importantly, all the cells pre-exposed to the os-
motic upshift displayed similar levels of ThT fluorescence. In con-
trast, kanamycin-sensitive cells (no osmostressed) showed high
cell-to-cell variation of membrane potential, represented by the
variation in the mean ThT signal (Fig. 9A). Notably, after the first
media change, for the pretreated cells the ThT signal linearly de-
cayed in time, showing that nondividing but metabolically ac-
tive cells can gradually recover membrane potential homeostasis.
However, 20 hours of growth in antibiotic-free media was not suf-
ficient to fully recover membrane potential and resume division,
likely due to the remaining kanamycin (Fig. 9B).

Interestingly, membrane hyperpolarization was proposed to be
negatively correlated with ribosome activity (Bosdriesz et al. 2015,
Lee et al. 2019). In our experimental setup, kanamycin was ad-
ministrated upon the early readaptation to the sudden osmotic
downshift, during which the cells displayed an extended period of
hyperpolarization (~4 hours; Fig. 3C), and thus impaired ribosome
activity. Knowing that ribosomes are the primary target for amino-
glycosides, we suggest that the extended period of membrane hy-
perpolarization averts the bactericidal activity of kanamycin in
nondividing but metabolically active cells.

Bacillus subtilis enters the VBNC state and avoids
antibiotic-mediated cell death

The single-cell analysis of B. subtilis revealed that, following salt
pretreatment, a considerable fraction of the population is locked
down in a metabolically active, nongrowing state. Since the re-
moval of the antibiotic from the microfluidics chamber did not
resume cell growth, we hypothesized that cells entered a deep
dormant-like state associated with VBNC cells. To test our hypoth-
esis, we cultured preadapted sporulation-deficient B. subtilis cells
in media with antibiotics for 18 hours and estimated the number
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Figure 7. Single-cell analysis of metabolic activity, growth rates, and cell fate of differently preadapted B. subtilis 168. (A) Measurements of mean CV
fluorescence are shown for two differently preadapted cultures: without osmostress pretreatment (the red dots) and with 0.6 M NaCl for 90 minutes
(the blue dots) during 16 hours of kanamycin exposure (62.5 pg/ml) and 5 hours postantibiotic treatment. The shaded area in grey indicates the first
90 minutes of preadaptation to osmotic upshift. The dotted lines indicate the media change inside the microfluidic chambers. The error bars show the
standard deviation of the CV signal. (B) Average growth rates (h~!) of differently preadapted cells (n = 5 per condition). (C) and (D) Upper panels show
changes in cell volume in time, indicating the cell growth of single cells (n = 5), whereas lower panels show corresponding mean CV fluorescence of
each cell (n = 5). The legend on the right side of the graph shows the identifiers of single cells followed by time-lapse microscopy. (E) Micrographs of
antibiotic-sensitive cells (no osmostress pretreatment) showing high CV fluorescent signal and subsequent increase in PI fluorescence, indicating cell
death. (F) Estimation of damaged cells for preadapted cells after 16 hours of antibiotic exposure and 5 hours after antibiotic removal.
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show lysed cells. Scale bar—5 pm.

of viable cells in the tested cultures with double staining with PI
and SYTO 9 and flow cytometry. Additionally, we measured the
ATP levels of the pretreated populations and determined their
CFU counts on LB agar plates.

The viability assay showed that pretreatment with osmotic
stress prior to antibiotic exposure significantly decreased the
amount of dead cells after 18 hours of kanamycin treatment
(Fig. 10). The fraction of damaged cells in the pretreated culture
reached 55%, showing that approximately 45% of the population
was alive (Figs 10D and 11A). However, the CFU count data re-
vealed that only a small fraction of cells identified as alive could
grow on LB agar plates (~0.0007%) compared to the control grown
without kanamycin (Fig. 11B). Additionally, the analysis of in-

tracellular ATP levels after 18 hours of the antibiotic treatment
showed that the preadapted population displays a similar level of
ATP to the nonstressed, culturable cells (Fig. 11C).

Discussion

In this study, we elucidated B. subtilis’ adaptation to osmotic envi-
ronmental stress and its effect on antibiotic tolerance. Combining
population-wide and single-cell analysis, we demonstrated that B.
subtilis exposed to osmotic upshift modulates its metabolic activ-
ity and becomes resistant to the aminoglycoside group of antibi-
otics. The first indication of the reduced metabolic activity was
a significantly reduced growth rate (~2,5-fold) of osmostressed



Morawska and Kuipers | 13

(A)
osmotic dowshift +AB +SMM
400
-4 kanamycin-TR [-2400
= Tl 2000
] 300 *- ThT no osmostress 3
3 2
2 - 1600 3
@ 200+ 3
S >
= 1200 <
c :
£ 100+ -800 g
g z N g
° : T ,yv?v“ 8
E o] & S — - 400
] : cell death
..... ha : -0
-100 LILILI 1 ] ] I 1 I 1 L] LI} 1 ] 1 1 1 1 I 1 I I T 1 T I T I T I T
01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
t[h]
(B)

) preadaptation (0.6 M NaCl SMM) kanamycin-TR (72 ug/ml) N SMM )
t0 1h 1.5h 1.75h 3.5h 6.5h 1.5h 11.75h 24h 31.5h

PC

kan-TR

Figure 9. Osmotic downshift and synchronal kanamycin exposure cause long-lasting membrane hyperpolarization. (A) Measurements of mean ThT
(the red dots, left y-axis) and kanamycin-Texas Red (the blue dots, right y-axis) fluorescence are shown for preadapted cells. Additionally, the orange
dots (left y-axis) show the mean ThT signal from kanamycin-sensitive cells (no osmostress). The grey shaded area indicates the first 90 minutes of
preadaptation to osmotic upshift. The dotted lines indicate the media change. (B) Micrographs of preadapted cells were challenged with sudden
osmotic downshift and kanamycin-Texas Red exposure (72 pg/ml) and subsequently washed with SMM. The upper panel shows phase-contrast
images. The ThT panel indicates the individual cells’ ThT fluorescent signal (membrane potential), whereas the kan-TR panel indicates the fluorescent

signal from accumulated kanamycin-Texas Red.

cultures compared to the control without the pretreatment step
(Fig. 2). The second evidence was demonstrated with membrane
potential measurements, indicating diminished membrane po-
tential of osmotically stressed cells, confirming reduced respira-
tion and metabolic rates (Fig. 3).

Osmostress pretreatment promotes
aminoglycoside tolerance in B. subtilis

We observed and characterized two antibiotic-tolerant pheno-
types depending on the osmotic upshift and time of kanamycin
administration. The first one, in which cells exposed to sustained
osmotic upshift became antibiotic insensitive while maintain-
ing active growth, and the second one, where the adaptation to
the osmotic upshift and subsequent antibiotic stress with no os-
motic stress gave rise to a nondividing population (Fig. 2). It could
be speculated that in both cases, the observed phenotypes are
mainly a direct result of the decreased membrane potential of the
osmostressed cells (Fig. 3), which has previously been proposed
to impair the antibiotic uptake across the membrane (Ramirez
and Tolmasky 2010, Damper and Epstein 1981, Taber et al. 1987).
However, recent work by Bruni and Kralj (2020) has shown that
membrane voltage is not essential for aminoglycosides uptake
but is required for bactericidal activity. Increased tolerance to
aminoglycoside-induced cell damage was also reflected by re-
duced accumulation of ROS in the case of sudden osmotic down-

shift and sustained osmotic upshift (Fig. 4). Our data showed that
cells experiencing sudden osmotic downshift and sustained os-
motic upshift significantly reduce ROS levels when exposed to
lethal concentrations of kanamycin compared to untreated cells.

Uptake of aminoglycosides in the presence of
sodium chloride is limited due to weaker
electrostatic binding of kanamycin to the cell
envelope

Using time-lapse microscopy and a microfluidics system, our
study adds new insight into the uptake of aminoglycosides un-
der osmotic stress at the single-cell level. We provide evidence
for the increased tolerance towards kanamycin under sustained
osmotic upshift caused by limited drug accumulation inside the
cytoplasm. We suggest that this effect is primarily due to the
kanamycin-cell surface interactions in a high ionic strength en-
vironment and second due to disturbances in the membrane po-
tential and reduced growth rates of treated cells. These findings
are consistent with earlier work in Escherichia coli from Plotz et al.
(1961), which revealed that a wash with salt media could remove
cell-bound streptomycin. Similarly, Taber and Halfenger (1976)
confirmed that ionic interaction between sodium chloride and
kanamycin are crucial for the initial antibiotic binding in B. subtilis.

Moreover, in the case of sustained osmotic stress and
kanamycin exposure, the 90 minutes of 0.6 M NaCl pretreatment



14 | microLife, 2022, Vol. 3

(A) (B)

7 7
10 OM NaCl - KAN 10 OM NaCl +KAN
=T <L
i ]
o o
< <
= o |
3 3
& [N
FL1-AZ FITC-A FL1-A: FITC-A
©) (D)
7 7
10 0.GMA NaCI - KAN 10 0.6MA NG + KAN
< =
w w
o o
= <
= o
3 3
{1 2 [V
o 10" 10° 10 10’ o 10t TRT LT
(E) FLI-A FITC-A FLI-A: FITC-A
7] _
10 o isopropanol
6
10° 3
< =
< ]
&
T 1073
o =
A =
- ]
4
10" 3
0 3
—:'|'”" LER] 2Ll | LA ot | LR RELL | LS Rl |
4 5 6 7
0 10 10 10 10
FL1-A: FITC-A

Figure 10. Estimated fractions of dead cells in kanamycin-treated cultures of B. subtilis 168 AsigF. A viability assay was performed for different
preadapted cultures exposed to a lethal kanamycin concentration (62.5 pg/ml) for 18 hours. (A) Control conditions without osmotic stress
pretreatment and kanamyecin, (B) cells without osmotic stress pretreatment with kanamyecin, (C) cells pretreated for 90 minutes with 0.6 M NaCl
without antibiotic stress, and (D) cells pretreated for 90 minutes with 0.6 M NaCl, exposed to antibiotic stress. The x-axis represents the SYTO-9
fluorescent signal, whereas the y-axis PI fluorescent signal. The total sample size was 100 000 individuals.



Morawska and Kuipers | 15

(A) (B) ()}
100 108 18h AB treatment
0.0015%  0.0007% 0.010
1004 M1 E *k
80 ] 1
—_— 106_ - kK ns
s ]/
60 = 105 & 0.0057
— = < ]
[ 2 ]
o L 404 = ]
o 40 o = ;
= b
G 103 :
20 0.000]
102+ :
1 1 1 1 1
0= 107 I IR
O & & & S & & & S EE
e’b X*y Q& x{y éb x{? Q& x@ = '0(’\ ’IS} (é\o (J\x
S o &% @ NS NN
[ M O O S S &S
NS RN TEo
S & o S & N
Q" Q" 2 Q
@‘\\ ‘3“3\ N
Q.b °¢

Figure 11. Culturability on LB media and intercellular ATP levels of B. subtilis 168 AsigF after 18 hours of antibiotic treatment. (A) Estimation of alive
cells concentration based on PI staining and flow cytometry data. Error bars (SEM, n = 2), sample size 100 000 events. (B) Resuscitation of nongrowing
cells on LB agar plates represented by CFUs/ul. Error bars (SEM, n = 2). The percentages show the fraction of the population resistant to kanamycin
and able to regrow. (C) Intracellular ATP measurements of differently preadapted cultures with or without 18 hours of kanamycin exposure (showed as
ATP uM/0OD600). Error bars (SEM, n = 3) t-test: ** P = 0.0036; *** P = 0.0005; and ns—not significant.

period was not essential for the protective effect to occur (Fig. 2D).
We propose that the presence of a high concentration of sodium
near the cell’'s surface outcompetes the electrostatic binding of
kanamycin and hence, limits the drug’s intake. This could ex-
plain the increase in fluorescent signal from kanamycin-Texas
Red when the osmotically stressed cells were washed with salt-
free media (Fig. 6H and I). Furthermore, continuous growth in
SMM with 0.6 M glycerol (imposing nonionic stress) did not pro-
tect the cells from kanamycin (Figure S3, Supporting Information),
being strong evidence of the importance of the ionic strength of
media in kanamycin efficacy.

Bacillus subtilis cells are locked into a nondividing
but metabolically active state and become
kanamycin-tolerant

Our study showed for the first time that the shifts in the environ-
ment’s osmolarity and simultaneous kanamycin treatment pro-
mote cells to enter a nondividing but metabolically active state.
With time-lapse microscopy and kanamycin-Texas Red conjugate,
we demonstrated that cells entrapped in a nondividing state could
efficiently accumulate kanamyecin, similarly to the untreated cells
(Fig. 6G). We showed that these nondividing cells are metabolically
active and can withstand long hours of antibiotic exposure (Figs 7
and 8).

Furthermore, consistently to previous studies, kanamycin-
tolerant cells were found to display prolonged membrane hyper-
polarization (Fig. 9), caused by the adaptation to sudden osmotic
downshift (Misra et al. 2013, Rojas and Huang 2018) and simul-
taneous kanamycin treatment (Lobritz et al. 2015, Lee et al. 2019,
Bruni and Kralj 2020). Because membrane hyperpolarization is in-
versely correlated with ribosomal activity (Bosdriesz et al. 2015,
Lee et al. 2019), we believe that prolonged membrane hyperpo-
larization protects B. subtilis cells from the bactericidal effects of
kanamycin—a ribosome-targeting antibiotic. In line with our hy-
pothesis, we demonstrated that 3 hours of readaptation to the
neutral osmolarity prior to antibiotic treatment resensitized B.
subtilis to kanamycin (Fig. 6D), suggesting that cells that reached

electrical homeostasis, increased ribosomal activity, and entered
a new steady-state, are more sensitive to kanamyecin.

Previous studies by Fridman et al. (2014) demonstrated that
antibiotic-tolerant E. coli displayed a long lag time before the re-
growth in antibiotic-free media, and its duration was directly cor-
related with the period of the antibiotic exposure. In our current
work, we observed that pretreated B. subtilis cells could not re-
sume division even after 20 hours post-antibiotic treatment in
permissible growth conditions, a double of the duration of the
antibiotic treatment (Fig. 9). However, after this period, cells still
displayed a moderate fluorescent signal from kanamycin-Texas
Red and relatively high membrane hyperpolarization, suggesting
that the reminiscent amount of the antibiotic could extend the
regrowth lag time (Fig. 9B). Nevertheless, the gradual decay of the
ThT and kanamycin-Texas Red fluorescent signals may indicate
that the cells are still able to resume division after the antibiotic
is completely removed.

A subpopulation of nondividing but
metabolically active cells enters the VBNC state

Finally, we showed that part of the population of nondividing but
metabolically active cells entered the VBNC state. With flow cy-
tometry, we estimated the amount of alive cells in the liquid cul-
ture of preadapted cells after 18 hours of kanamycin treatment
(Fig. 10D). However, only a small fraction of these cells could form
colonies on LB agar plates (Fig. 11B).

The VBNC state has been observed in many bacteria and pro-
posed as a survival mechanism allowing cells to withstand long
exposure to many adverse conditions (Oliver 2010, Li et al. 2014).
Despite their detectable metabolic activity, VBNC cells lost their
ability to form colonies on a routine media (Pinto et al. 2015).
However, they can be resuscitated with appropriate environmen-
tal stimuli or permissive growth conditions (Oliver 2010, Li et al.
2014). In Vibrio vulnificus, it has been observed that VBNC cells, in-
duced under the cold shock treatment, displayed increased cata-
lase activity upon resuscitation (Kong et al. 2004). In this case, a
catalase-negative mutant, incapable of hydrogen peroxide detoxi-
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fication, became nonculturable at ambient temperature, suggest-
ing that H,O,-induced stress promotes entry into the VBNC state.
Moreover, when VBNC cells were plated onto standard media sup-
plemented with ROS mitigating agents like catalase or sodium
pyruvate, the fraction of culturable cells increased significantly.
Similar observations were made for other microorganisms (Wai et
al. 2000, Masmoudi et al. 2010, Senoh et al. 2015, Hamabata et al.
2021), showing that resuscitation of VBNC cells likely depends on
their ability to neutralize highly ROS generated upon stress condi-
tions. Notably, a recent study by Hong et al. (2019) demonstrated
that E. coli cells displayed a self-amplifying accumulation of toxic
ROS postantibiotic treatment, which directly contributed to cell
death. Surprisingly, this effect was averted with catalase supple-
mentation to the LB agar (Hong et al. 2019), similarly to what was
observed in the VBNC cells resuscitation studies. In the current
study, pretreated B. subtilis cells showed reduced ROS accumula-
tion compared to the kanamycin-sensitive cells. We suggest that
reduced ROS levels might not contribute to cell death but instead
drive cells into a low metabolic state to avoid the secondary lethal
damage, however, further studies are needed to confirm this hy-
pothesis.

ATP depletion and aggresome formation in B.
subtilis VBNC cells

Recently it has been proposed that bacteria enter the VBNC state
due to increased protein aggregation caused by gradual cellular
ATP depletion (Pu et al. 2019). Conversely, our study did not show
the protein aggregation phenotype upon antibiotic treatment in
the pretreated cells. We suggest that the physiological changes
induced under the osmotic upshift, including elevated pools of
osmoprotectants (in our experimental setup, only proline), might
prevent excessive protein aggregation during antibiotic stress. In-
triguingly, except for its osmoprotective properties, proline has
been shown to act as a chemical protein chaperon that can stabi-
lize protein structures and inhibit aggregation during protein re-
folding (Auton and Bolen 2005, Samuel et al. 2000).

Inregards to intracellular ATP levels, our data showed that after
18 hours of continuous antibiotic treatment, the VBNC cells dis-
played similar levels of ATP as culturable cells, being in agreement
with other studies showing ATP levels in VBNC cells to be similar
or higher than culturable cells (Beumer et al. 1992, Su et al. 2015,
Zhao et al. 2016). These similar levels of intracellular ATP pools in
VBNC and culturable cells would contradict the dormancy con-
tinuum theory proposed by Pu et al. (2019). It seems that despite
the similarities in the formation of persister and VBNC cells, the
entry into the deeper dormant state for pretreated B. subtilis cells
does not depend on ATP depletion.

Conclusions

We demonstrated that B. subtilis population enters the VBNC state
due to the metabolic and biochemical changes prior to antibiotic
treatment, including reduced metabolic activity and prolonged
membrane hyperpolarization. Importantly, we show that besides
spore formation (Errington 2003) and switching to oligotrophic
growth due to nutrient depletion (Gray et al. 2019), B. subtilis
populations can persist in a VBNC state and become tolerant to
kanamycin. Although B. subtilis is not a human pathogen, our work
can be of high relevance for studying the formation of the VBNC
cells in pathogenic Gram-positive bacteria experiencing frequent
environmental changes, including human pathogens.
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