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Abstract: Persister cells are growth-arrested subpopulations that can survive possible fatal environments and revert to wild types after stress removal. Clinically, persistent pathogens play a key
role in antibiotic therapy failure, as well as chronic, recurrent, and antibiotic-resilient infections. In
general, molecular and physiological research on persister cells formation and compounds against
persister cells are much desired. In this study, we firstly demonstrated that the spore forming Grampositive model organism Bacillus subtilis can be used to generate persister cells during exposure to
antimicrobial compounds. Interestingly, instead of exhibiting a unified antibiotic tolerance profile,
different number of persister cells and spores were quantified in various stress conditions. qPCR
results also indicated that differential stress responses are related to persister formation in various
environmental conditions. We propose, for the first time to the best of our knowledge, an effective
method to isolate B. subtilis persister cells from a population using fluorescence-activated cell sorting
(FACS), which makes analyzing persister populations feasible. Finally, we show that alpha-helical
cationic antimicrobial peptides SAAP-148 and TC-19, derived from human cathelicidin LL-37 and
human thrombocidin-1, respectively, have high efficiency against both B. subtilis vegetative cells and
persisters, causing membrane permeability and fluidity alteration. In addition, we confirm that in
contrast to persister cells, dormant B. subtilis spores are not susceptible to the antimicrobial peptides.
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1. Introduction
Persisters are phenotypic variations of microbial cells that are tolerant to harsh environments such as antibiotic exposure and starvation. Unlike resistant bacteria that rely on
mutations, persisters are non-genetic and non-heritable cellular states that can be triggered
by certain stresses or generated spontaneously as a bet-hedge strategy [1]. A persistent subpopulation was first found and described in a penicillin-treated population by Hobby et al.
in 1942 [2] and subsequently named as “persisters” by Bigger in 1944 [3]. Since then, it was
believed that all bacterial species can form persisters [4,5]. The existence of persisters leads
to incomplete bacterial eradication both in vitro and in vitro, causing recurrent contamination and infection. Persisters also can promote the formation of antibiotic resistant bacteria
through, for example, their survival advantage [6] or increase the spread of antibiotic
resistance plasmids [7]. Hence, persister-related studies are of great importance.
Despite their universal occurrence and severe impact, both the origin and characteristics of persisters are still mystifying [8]. This is mainly due to the low frequency of
persister in a population and its feature as a transient phenotype variant: persisters can
easily switch back to normal vegetative cells after stress removal. The latter problem can be
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circumvented by the usage of microfluidics and image tracking to analyze persisters whilst
exposed to stress conditions and reveal their features at the single-cell level [1,9]. In order to
get higher percentage of persisters, stationary phase or biofilm cultures that include more
persisters than their exponentially growing counterparts were used in some studies [10].
However, using these two populations to study the formation mechanism or the metabolic
characterization of persisters may confound the results with that of slow growing or dying
cells [11]. Another attempt is the use of mutants that either generate more toxin, such as
overexpressed hipA toxin leading to more Escherichia coli persister formation [12], or alter
certain metabolic pathway to analyze possible persister formation mechanisms [13]. These
methods certainly provided valuable information in terms of the formation or maintenance
of persisters. However, the results were often limited to a specific treatment or species [14],
which may indicate that persister formation is related to given stressors.
The lack of effective methods for persister enrichment and isolation is another hindrance in persister studies. Long-term and high concentration antibiotic exposure is
commonly used as a method to enrich spontaneously generated persisters [15–17] or
even pre-triggered persisters [18,19]. However, this isolation method itself is already a
severe stress condition that can trigger persister formation. In order to avoid this impact,
an enzymatic lysis protocol was presented [20]: while the lytic solution quickly (within
20 min) killed normally growing cells with a decreased risk of being a trigger, surviving
cells were assumed to be persisters. Nonetheless, this method didn’t provide a solution
to separate surviving persister cells from a treated culture. In addition, the surviving
cells may also include viable-but-nonculturable (VBNC) cells. Compared with persisters
that can quickly resuscitate in normal growing conditions, VBNC cells lose their in vitro
culturability. These two phenotypes coexist in both growing cultures and given stress
conditions [21–23]. Their similar characteristics, such as growth arrested and tolerance,
makes them difficult to separate by any isolation method based on metabolic inactivity [24]
or antibiotic tolerance [25].
Persisters are great contributors to antibiotic failure. In this case, antimicrobial peptides (AMPs), natural or artificial short peptides that possess broad antimicrobial activity,
are intensively researched as promising compounds to kill persisters both in industry
and in clinical [8]. The main known mode of action of AMPs against persisters is the
non-targeted membrane interruption [26]. For instance, SAAP-148, derived from principal
human cathelicidin LL-37, showed high bactericidal activity with enhanced stability against
Staphylococcus aureus persisters within a biofilm through thinning and permeabilization
of the bacterial membrane and a decreased biofilm biomass [27]. In our experiment, the
efficacy of two synthetic peptides: SAAP-148 and TC-19 was assessed. TC-19 is also derived
from human AMP Thrombocidin-1 [28]. It was found that TC-19 combats Bacillus subtilis
vegetative cells through gradually dissipating the membrane potential and creating fluid
domains in the bacterial membrane [29]. However, the mode of action of TC-19 against
persisters is unknown.
In this paper, we use Bacillus subtilis as a model strain to generate, isolate, and eradicate persisters with cationic AMPs. B. subtilis is a commonly used model species not
only for spore forming bacteria, but also for gram-positive non-spore forming bacteria.
The aims of this study were: (1) generate and isolate B. subtilis persisters; (2) study the
efficiency and mode of action of AMPs against B. subtilis persisters. We showed that
under different stress conditions, different level of persisters and spores were generated,
which were subsequently isolated through fluorescent staining followed by cell sorting.
Besides, persisters, unlike dormant spores, could be eliminated by AMPs. The peptides
used increased membrane permeability and altered membrane fluidity. Overall, our experiments provide the possibility of purifying persister population for further study such as
qPCR and microscopy analysis, and in doing so highlight the potential efficacy of AMPs
against persisters.

persisters.
2. Results
2.1. Exposure to Antimicrobial Compounds Generates B. subtilis Spores and Non-Spore 3Cells
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lated inside the bacteria and was hydrolyzed by intracellular nonspecific esterases to fluorescent carboxyfluorescein, the charged compound was trapped in the bacterial cytoplasm and showed green fluorescence [36], which has been proven a good functional indicator of a live cell with metabolic intermediates sufficient for activity. PI is a membrane
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2.4. Double Staining and Subsequent Cell Sorting Is an Efficient Method to Isolate Persisters
To isolate persisters for further analysis, fluorescence-activated cell sorting (FACS)
was used to sort out the subpopulation in Q1. Microscope images before and after FACS
(Figure 4A) showed that 5(6)-CFDA and PI-based FACS analysis and sorting enriched
persisters while decreasing the debris present in the samples. To quantify the efficiency of
FACS in enriching for persisters, the number and proportion of persisters in one micro-
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Before cell sorting, most microscope frames didn’t have persister cell. On average,
only 1 persister cell was observed in one analyzed image. After cell sorting, on average
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In conclusion, CFDA-PI double staining and subsequent cell sorting significantly increased
the level of persisters in the samples, making it an efficient method to obtain samples that
are highly enriched for persisters.
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2.5. Stress-Related Gene Expression in Isolated Persisters
To analyze the expression of stress-response related genes of persisters generated
under the different stress conditions, relative quantification using qPCR was performed on
the isolated persisters. Due to the harsh stress condition of generating
was
Sci. 2021, Int.
22, 10059
7 of 18persisters, it
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Upregulated liaI indicated that increased cell envelop stress was associated to B. subtilis persister formation and/or the maintenance of this persistent physiological state. This
result is consistent with earlier studies showing that cell envelope stress was strongly
induced by the cell wall targeting antibiotics vancomycin [49]; the membrane-active chemical CCCP [50] and tetracycline [34] also led to increased cell envelope stress response.
In response to membrane-damaging agents, LiaH (encoded by liaI) contributes to the
maintenance of membrane integrity and prevents depolarization in B. subtilis [51]. Though
the relationship between cell envelope stress and B. subtilis persistence is still unclear, our
results indicated that increased cell envelope stress is associated with persister formation.
The stringent response, regulated by nucleotide (p)ppGpp, has been regarded as a key
role in bacterial persistence in several bacterial species including B. subtilis [52]. However,
in the present result, the expression of relA was decreased in all tested persister samples,
especially in tetracycline-triggered persister populations, indicating that relA-mediated
stringent response is not necessary for persister formation in tested samples. This result is
similar to the previous finding that ribosomal antibiotics effectively inhibited relA-related
stringent response without decreasing bacterial persistent level [53].
The expression of skfA, recA and ctc in tetracycline-triggered persisters was downregulated compared to that in the other three persister groups. Combined with the quantification
result that tetracycline triggers lower level of persisters (Figure 1), the result suggested that
protein synthesis, which is inhibited in tetracycline-treated cells, is important for persister
formation in B. subtilis. Interestingly, distinct levels of tetracycline-triggered persisters
have been found in different bacterial species. For example, tetracycline treatment significantly increases the persister level in E. coli [54], but completely prevents persister
formation in Vibrio cholerae [55]. These contrasting results show that the persister formation
mechanism is highly dependent on the bacterial population used in a given experiment.
For vancomycin-, enrofloxacin- and CCCP-triggered persisters, no significant difference
in skfA, recA and ctc expression was found (p > 0.05), indicating that while sporulation
related cannibalism response, SOS response and general stress response might contribute
to persister formation, they were not related to the stressors used in the present study.
2.6. Cationic AMPs Effectively Kill B. subtilis Vegetative Cells and Persisters but Not Spores
The killing ability of cationic AMPs SAAP-148 and TC-19 was tested toward B. subtilis
vegetative cells, spores and persisters. For vegetative cells and spores, a drop plate method
was used (Figure 7A). Fourteen uM SAAP-148 and 56 uM TC-19 killed vegetative cells
within 5 min and longer exposure time didn’t lead to more killing. Besides, SAAP-148 possessed higher efficiency in killing B. subtilis vegetative cells compared with TC-19. However,
these two AMPs were unable to kill spores even at higher concentration (Figure 7B).
Since persisters and spores co-existed in the antimicrobial-treated samples and AMPs
couldn’t kill spores, we used flow cytometry to test the effect of AMPs on persisters instead
of the drop plate method. 5(6)-CFDA and PI double staining were used to indicate the
viability and permeability of persisters after exposure to the same concentration of SAAP148 and TC-19, respectively. The flow cytometry results (Figure 7C) clearly showed that
56 uM SAAP-148 and TC-19 killed most persisters generated in different stress conditions
within 5 min. However, some of the enrofloxacin-triggered persisters showed higher
tolerance to both AMPs, especially to TC-19. With PI staining, increased permeability
of persisters was observed after AMP exposure, but cells which were not stained with
5(6)-CFDA nor with PI were observed as well.
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Figure 7. Tested cationic antimicrobial peptides SAAP-148 and TC-19 rapidly killed Bacillus subtilis vegetative cells (A)
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2.7. Membrane Fluidity Change during Antimicrobial Exposure and Subsequent AMPs
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persisters from treated cultures through FACS for further studying such as microscopy and
qPCR. Then, we found that two cationic AMPs, SAAP-148 and TC-19 showed promising
antimicrobial activity against B. subtilis persisters and vegetative cells, but not spores.
Finally, the mode of action of AMPs against persisters was revealed: both SAAP-148 and
TC-19 caused increased membrane permeability and membrane fluidity alteration.
Given that it is a spore-forming bacterium, B. subtilis PS832 persisters and spores coexist upon applying a given set of antimicrobial exposures. In order to quantify persisters
and spores after antimicrobial treatment, we used thermal treatment to kill all non-spore
cells (which are persisters). The condition used in this experiment, 70 ◦ C for 30 min and
ice 15 min, was tested with B. subtilis vegetative cells beforehand and isolated persisters
afterwards in our experiment which data confirmed that it killed all persisters. This method,
although highly efficient, may not suit every putative persister species or strain due to the
possible heat resistance of persisters. For example, Masuda et al. [16] showed that compared
to vegetative cells, approximately 100-fold more E. coli persisters survived 5 min treatment
at 57 ◦ C. Pseudomonas aeruginosa persisters showed heterogeneous capacity regarding heat
resistance and a minority of persisters (ranging from 4–36%) could endure 70 ◦ C treatment
for 5 min [57]. Therefore, it is always necessary to ensure that the given stress condition is
valid toward persisters since they are much more tolerant than vegetative cells.
The metabolic activity of persisters is a controversial point. Previously, persisters
were referred to as dormant or at least with vastly decreased metabolic activity [58], which
was also used for persister isolation. For example, Shah et al. [24] isolated cells with
undetectable translation levels as persisters. However, only around 30% of the isolated
cells could survive antibiotic exposure and regrow on LB agar plates. Actually, persisters
were found to be, though growth arrested, metabolically active to some extent [23,59,60].
Here, we used metabolic activity-dependent 5(6)-CFDA to separate persisters from treated
samples that also include debris, dead cells, VBNC cells and spores. 5(6)-CFDA positive
cells regrew in LB medium after stress removal, indicating that no VBNC cell was mixed
with persisters. Our results also provide evidence that persisters are not entirely metabolically inactive, corresponding with a recently proposed “dormancy continuum hypothesis”:
persisters and VBNC cells are two closely related subpopulations of a shared dormancy
continuum and persisters are more metabolically active than VBNC cells [61]. It should be
noted that our isolation method is only suitable for pre-treated cultures where normally
growing vegetative cells can be inactivated. The isolation strategy can in principle also be
conducted with clinical samples. This is relevant for the isolation of persistent pathogens
that cause antibiotic failure and recurrent diseases.
The heterogeneous generation of persisters has been observed in many situations [1,13,62].
Similarly, we also quantified different levels of persisters after various antimicrobial exposures. In the present study, vancomycin triggered formation of more persisters than other
tested antimicrobial agents. This phenomenon is worthwhile expanding upon with other
bacterial species and glycopeptide antibiotics in further research. Clinically, it will provide
more information about whether certain antibiotic classes have a higher potential in triggering
persister formation than others. qPCR results also showed relatively different stress responses
in each persister population, suggesting that the mechanism of persister formation is related
to a given stress condition. The current data opens the way to study the relationship between
a stressor used and the persister formation that follows at the molecular level. To do so the
various qPCR expression data can be linked in future studies to omics and mutant analyses
thus providing molecular mechanistic data on the mode-of- action of each stressor in inducing
persister cell formation.
Regardless of growth or metabolic activity, an intact membrane is essential for a persister to stay alive. Therefore, most known anti-persister agents kill persisters through
membrane perturbation [8,63]. Similarly, we used isolated persisters to investigate the
mode of action of SAAP-148 and TC-19 on persister membrane and found these cationic
AMPs rapidly killed persisters, causing increased membrane permeability and altered
membrane fluidity. Membrane permeability was detected by a positive PI signal. How-
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ever, not all persisters killed by these AMPs became PI positive. This may be due to a
severely damaged cell membrane caused by excessive AMP exposure leading to a loss of
nucleic acids but not of cell structure. The balance of membrane fluidity and rigidity is
crucial to maintain membrane activity [64]. Laurdan staining demonstrated that AMPs
rapidly disturbed this balance, creating fluid patches surrounded by more rigid membrane.
Interestingly not all stressors that we used to generate persisters gave rise to the same
membrane fluidity changes in both overall fluidity as well as distribution of high fluidity
patches. The reason for the latter may lie in the direct membrane potential effects of the
uncoupler CCCP (see ref. [50]) compared to the antibiotics used. A detailed exploration is
beyond the scope of the current manuscript.
It has been demonstrated that fluid patches can be induced by AMPs, leading to
cytosol leakage and membrane protein dislocation [29]. Membrane rigidification was
also found in many AMPs-treated cells [29,65,66]. However, the reason is still unknown.
Interestingly, a possible hypothesis is that instead of being a mode of action of AMPs,
membrane rigidification is a stress response mechanism of cells against AMP exposure [65].
Taken together, this paper provides an effective persister isolation method for B. subtilis
that could be extended to other bacterial species and evidences the potential efficacy of
AMPs against persisters.
4. Materials and Methods
4.1. Bacterial Strains and Antimicrobial Compounds Information
Bacillus subtilis strain PS832 was used and cultured in 37 ◦ C under continuous rotation at 200 rpm for liquid medium, if not otherwise specified. For each experiment,
growth of B. subtilis was initiated by plating out a −80 ◦ C glycerol stock onto Lysogeny
broth (LB) agar plates. An individual colony was then picked, inoculated into LB liquid
medium and cultured overnight. Afterwards, the overnight culture was 1:100 inoculated
into fresh LB liquid medium and incubated until an OD600 ≈ 0.4 (the early exponential
growth phase) was reached. The culture was then diluted with LB liquid medium to an
OD600 = 0.2 to be used in MIC measurements, time kill assays and antimicrobial exposure
experiments as described below. Four antimicrobial compounds were used to generate
persisters: vancomycin (Sigma-Aldrich, St Louis, MO, USA), enrofloxacin (Sigma-Aldrich),
CCCP (Sigma-Aldrich) and tetracycline (Sigma-Aldrich). AMP TC19 (LRCMCIKWWSGKHPK) [28] and SAAP-148 (LKRVWKRVFKLLKRYWRQLKKPVR) [27] were synthesized
by normal 9H-fluorenylmethyloxycarbonyl (F-moc) chemistry [67], dissolved in distilled
water to 1.2 mM stock solution and stored in −20 ◦ C.
4.2. Minimal Inhibitory Concentration (MIC) Measurement
MIC of every antimicrobial compound was determined by measuring the OD600 in
a microplate reader (Multiskan™ FC, Thermo Scientific, Etten- Leur, the Netherlands).
Specifically, 150 µL of culture containing B. subtilis at a final optical density OD600 = 0.02 and
two-fold serial dilutions of antimicrobial compounds were added to each well of the 96 well
plate. Control groups included only B. subtilis culture without antimicrobial compounds.
After 18 h incubation and measurement in plate reader, the minimal concentration that
caused non-visible OD600 change was determined as MIC. Three biological replicates were
performed. MIC measurement was used for (1) determination of the proper working
concentration to generate persisters; (2) recheck the absence of resistant B. subtilis after
antimicrobial exposure.
4.3. Time Kill Assay and the Quantification of Spores and Non-Spore Cells
B. subtilis was treated with 100-fold MIC of vancomycin, enrofloxacin, CCCP or
tetracycline for 3 h (and 4 h only for time-kill assay). Afterwards, cultures were washed
with 0.85% NaCl twice to remove antimicrobial compounds. For time-kill assay, total
surviving cells in each sample was quantified by 10-fold dilution (ranging from 10−1
to 10−5 ) with 0.85% NaCl and then plating 50 µL sample onto LB agar plates. For the
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quantification of persisters and spores, 200 µL samples were moved into new Eppendorf
tubes and treated for 30 min at 70 ◦ C and then on ice for 15 min to kill non-spore cells.
Then, 50 µL pretreated samples were plated onto LB plates. After overnight incubation,
the number of colonies was quantified and log10 CFU/mL was calculated. The number of
persisters were the subtracted values of total surviving cells and spores. Noted that the
effect of thermal shock on killing non-spore bacteria was checked with B. subtilis vegetative
cells and afterwards isolated persisters. Three biological replicates were performed.
4.4. Flow Cytometry, FACS and Microscopy
Flow cytometry and FACS was performed with the Cell Sorter (FACSAria™ III, BD
Biosciences, San Jose, CA, USA). For every sample, unstained cultures containing 1%
dimethyl sulfoxide (DMSO, Sigma-Aldrich, St Louis, USA) were used to determine autofluorescent level. A total number of 100,000 events were analyzed if not specified otherwise.
Raw data were analyzed with FlowJo (version 10.7.2, FlowJo LLC, Ashland, OR, USA)
software. Microscopy was performed with an Eclipse Ti microscope (Nikon, Tokyo, Japan)
equipped with phase-contrast and fluorescence components. Microscope images were
analyzed by imageJ (National Institutes of Health and the Laboratory for Optical and
Computational Instrumentation, University of Wisconsin at Madison, Madison, WI, USA).
4.5. Double Staining
In this experiment, we used 5(6)-CFDA (Sigma Aldrich, St Louis, USA) and PI (Thermo
Fisher Scientific, Etten- Leur, the Netherlands) to distinguish surviving cells after antimicrobial exposure. 5(6)-CFDA was dissolved in DMSO to make 5 mM stocks and stored in
−20 ◦ C. PI stocks were dissolved in DMSO to 20 mM and stored in −20 ◦ C. Three control
groups were: untreated early exponential growth phase B. subtilis cells; dead cells that
were vegetative B. subtilis pre-treated with 70% (v/v) isopropanol for 1 h at room temperature [68]; and B. subtilis spores that were cultured, harvested and purified by following
the sporulation protocol described by Wen et al. [69]. Antimicrobial-treated samples were
pre-treated with 100-fold MIC of vancomycin, enrofloxacin, CCCP or tetracycline. For each
sample, after incubation with 50 µM 5(6)-CFDA for 10 min in 37 ◦ C, 30 µM PI was added
and incubated in dark for 15 min at room temperature. Afterwards, double stained samples
were washed twice to remove remaining dyes for further flow cytometry or microscopy
analysis as described in 4.4. 5(6)-CFDA was detected with excitation wavelength at 488 nm
and emission wavelength at 519 nm. PI was detected with excitation wavelength at 532 nm
and emission wavelength at 617 nm.
4.6. Regrowth of Non-Spore Cells
In order to ensure that CFDA+ -PI− cells are persisters, a regrowth experiment was
conducted in addition to MIC remeasurement as described in Section 4.2. After 3 h of
exposure to antimicrobials and subsequent staining with 5(6)-CFDA and PI, the dyes were
removed from the samples by washing them twice with 0.85% NaCl. Cells not exposed to
antimicrobials were used as control. The fluorescence intensity of 5(6)-CFDA in each sample
was then measured with flow cytometry, the result of which is shown as 0h. Subsequently,
treated samples and the control were 1:20 inoculated into fresh LB medium while the
negative control was 1:20 inoculated into 0.85% NaCl. All cultures were incubated for 6 h.
500 µL culture was sampled to detect 5(6)-CFDA intensity by flow cytometry every hour
after 2-h incubation.
4.7. qPCR Analysis with Isolated Persisters
To test the expression of stress-related genes in persisters generated in different conditions, real-time PCR (qPCR) was conducted. At least three million persisters were sorted
from each antimicrobial treated culture by FACS. After centrifuge at 4000× g for 8 min,
the pallets were immediately frozen by liquid nitrogen and stored in −80 ◦ C until RNA
extraction. RNA isolation was performed with ISOLATE II RNA Micro Kit, Bioline. The
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concentration and quality of RNA was then measured by NanoDrop ND-2000 (Thermo
Scientific). Same amount of RNA was used for cDNA synthesize by iScript™ cDNA Synthesis Kit (BIO-RAD Laboratories, Hercules, CA, USA) based on the instructions. Then,
cDNA was diluted with nuclear-free water to a proper concentration based on the concentration of relating RNA for qPCR reaction. 10 uL qPCR reaction was prepared for each
qPCR well containing 5 uL SYBR™ Green PCR Master Mix (Thermo Fisher Scientific),
0.4 uL 10 mM forward primer, 0.4 uL 10 mM reverse primer, 1 uL cDNA and 3.2 uL of
nuclear-free water. Primers were designed by Primer3 (https://primer3.ut.ee/) or NCBI
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). At least three replicants for each
sample and each gene were tested. All qPCR experiments were performed with Applied
Biosystems 7300 Real Time PCR System (Thermo Fisher Scientific), and AmpliStar-II 8-Strip
0.2 mL PCR Tubes with Optical Flat Caps (Westburg, Leusden, The Netherlands).
Proper reference genes were firstly selected from commonly used reference genes
including gyrB, rrns, gapA, rpoA and hbsU. To compare the RNA expression level of each
candidates, the Ct values were compared directly. The genes that have relatively stable
expression levels in every sample were chosen as the reference genes for normalization.
For tested genes, the relative quantification was calculated by 2−∆∆CT method [70]. Tested
genes and their primers were listed in Table 1.
Table 1. Primers used for qPCR.
Gene

Forward Primer

Reverse Primer

gyrB
rrns
rpoA
gapA
hbsU
liaI
skfA
recA
ctc
relA

GGAGGAAAATTTGACGGAAG
AGCATTCAGTTGGGCACTCT
GAAGGCGTTGTGGAAGATGT
GCTCTTAAAGAAGCGGCTGA
TTCCGGCAACTGCGTCTTTA
ACAAGAAAACAATAGGCGGA
AGCCGGGAGGTACTTCGATT
GTTCGGCAAAGGTTCCATTA
TGCAGTCATTACGCTTGAGG
GGCATTGACAACCTCCTTGT

GTTTATAGGTTTGGCGGTGA
CAGGTCATAAGGGGCATGAT
GCTGCCGTTACAGTTCCTTC
ACCATGCTGCCTTCCATAAC
TGGTAACTTCGAGGTGCGTG
AACGGAAGTGAGCAGATGA
AGGATGCGGAAGTGCACAAA
AGCGCCACAGTTGTTTTACC
TTCACTCCAATGGCTTCTCC
TTCCTTGCGCTTTTGAACTT

4.8. Antimicrobial Peptides against B. subtilis Vegetative Cells, Spores and Persister Cells
To analyze the killing effect of tested AMP SAAP-148 and TC-19 on B. subtilis vegetative cells and spores, a time-kill assay was conducted based on the previous experiments [71] with some alterations. In brief, early log phase cells and spores with an
OD600 = 0.2 were prepared and divided into 500 µL aliquots. For each aliquot, SAAP-148
or TC-19 were added to a final concentration from 1.75 µM to 56 µM by two-fold serial dilutions. After 5 or 30 min AMPs exposure at 37 ◦ C, 25 µL samples was moved out and added
into 25 µL 0.1% w/v polyanetholesulfonic acid sodium salt (SPS) to neutralize cationic
AMPs. After 5 min incubation at room temperature, 5 µL samples were moved and spotted
on LB agar plates. Three biological replicates were performed. The sensitivity of B. subtilis
persisters to AMPs was analyzed by flow cytometry. Antimicrobial-pretreated samples
were first treated with 56 µM SAAP-148 or TC-19 for 5 min, then the same volume of 0.1%
w/v SPS were added to neutralize cationic AMPs. Afterwards, AMPs-treated samples were
double stained with 5(6)-CFDA and PI for subsequent flow cytometry analysis.
4.9. Laurdan Staining to Measure the Membrane Fluidity Alteration during Antimicrobial
Exposure and Subsequently AMPs Treatment
The fluorescent dye laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine, Sigma
Aldrich) is sensitive to membrane phase transition and water penetration [72]. Here, we
used laurdan to detect membrane fluidity alteration of persisters after SAAP-148 or TC19 treatment. The method described by Omardien et al. [29] was followed with minor
alterations. Laurdan was dissolved in dimethylformamide (DMF) with a final concentration
of 1 mM and stocked in −20 ◦ C. After persister generation and isolation, 10 uM laurdan
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was added in each sample and incubated at 37 ◦ C for 5 min in dark. Stained cells were
then washed with 0.85% NaCl twice to remove remaining dyes. Then, stained cells were
treated with 56 uM SAAP-148 or TC-19 for 5 min before microscopy analysis. Laurdan was
detected at the excitation wavelength at around 395 nm and the emission wavelength at
470 nm for rigid membrane environment and 508 nm for fluid membrane environment.
Laurdan GP of the microscopic images and its quantification were performed using the
CalculateGP ImageJ plugin (https://sils.fnwi.uva.nl/bcb/objectj/examples/CalculateGP/
MD/gp.html) designed by Norbert Vischer.
Author Contributions: Conceptualization, S.B., S.A.J.Z. and S.L.; writing—original draft preparation,
S.L.; writing—review and editing, S.B. and S.A.J.Z. All authors have read and agreed to the published
version of the manuscript.
Funding: This research in the labs of S.B. and S.A.J.Z. was supported by Chinese Scholarship Council
grant (201904910554) awarded to S.L.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: We acknowledge Marco Lezzerini and Richard de Boer for providing help in
qPCR experiments, and Gonzalo Congrains Sotomayor in FACS experiments. S.L. acknowledges the
China Scholarship Council for her PhD scholarship.
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
VBNC
AMP
CCCP
5(6)-CFDA
PI
FACS
GP
Van
Eno
Tet

Viable-but-nonculturable cell
Antimicrobial peptide
Carbonyl cyanide m-chlorophenyl hydrazone
5-(and-6)-Carboxyfluorescein diacetate
Propidium iodide
Fluorescence-activated cell sorting
Generalized polarization
Vancomycin
Enrofloxacin
Tetracycline

References
1.
2.
3.
4.
5.
6.
7.

8.
9.

10.
11.

Balaban, N.Q.; Merrin, J.; Chait, R.; Kowalik, L.; Leibler, S. Bacterial Persistence as a Phenotypic Switch. Science 2004, 305,
1622–1625. [CrossRef]
Hobby, L. Observations on the Mechanism of Action of Penicillin. Proc. Soc. Exp. Biol. Med. 1942, 50, 281–285. [CrossRef]
Bigger, J.W. The bactericidal action of penicillin on Staphylococcus pyogenes. Irish J. Med. Sci. 1944, 19, 585–595. [CrossRef]
Wilmaerts, D.; Windels, E.M.; Verstraeten, N.; Michiels, J. General Mechanisms Leading to Persister Formation and Awakening.
Trends Genet. 2019, 35, 401–411. [CrossRef]
Maisonneuve, E.; Gerdes, K. Molecular Mechanisms Underlying Bacterial Persisters. Cell 2014, 157, 539–548. [CrossRef] [PubMed]
Levin-Reisman, I.; Ronin, I.; Gefen, O.; Braniss, I.; Shoresh, N.; Balaban, N.Q. Antibiotic tolerance facilitates the evolution of
resistance. Science 2017, 355, 826–830. [CrossRef]
Bakkeren, E.; Huisman, J.S.; Fattinger, S.A.; Hausmann, A.; Furter, M.; Egli, A.; Slack, E.; Sellin, M.E.; Bonhoeffer, S.; Regoes, R.R.; et al. Salmonella persisters promote the spread of antibiotic resistance plasmids in the gut. Nature 2019, 573, 276–280.
[CrossRef] [PubMed]
Liu, S.; Brul, S.; Zaat, S.A.J. Bacterial persister-cells and spores in the food chain: Their potential inactivation by antimicrobial
peptides (amps). Int. J. Mol. Sci. 2020, 21, 8967. [CrossRef] [PubMed]
Hingley-Wilson, S.M.; Ma, N.; Hu, Y.; Casey, R.; Bramming, A.; Curry, R.J.; Tang, H.L.; Wu, H.; Butler, R.E.; Jacobs, W.R.; et al.
Loss of phenotypic inheritance associated with ydcI mutation leads to increased frequency of small, slow persisters in Escherichia
coli. Proc. Natl. Acad. Sci. USA 2020, 117, 4152–4157. [CrossRef] [PubMed]
Amato, S.; Fazen, C.; Henry, T.; Mok, W.; Orman, M.; Sandvik, E.; Volzing, K.; Brynildsen, M. The role of metabolism in bacterial
persistence. Front. Microbiol. 2014, 5, 1–9. [CrossRef]
Song, S.; Wood, T.K. Are we really studying persister cells? Environ. Microbiol. Rep. 2021, 13, 3–7. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 10059

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.
31.

32.
33.
34.
35.

36.

37.
38.

16 of 18

Moyed, H.S.; Bertrand, K.P. hipA, a newly recognized gene of Escherichia coli K-12 that affects frequency of persistence after
inhibition of murein synthesis. J. Bacteriol. 1983, 155, 768–775. [CrossRef] [PubMed]
Harms, A.; Maisonneuve, E.; Gerdes, K. Mechanisms of bacterial persistence during stress and antibiotic exposure. Science 2016,
354, aaf4268-1–aaf4628-9. [CrossRef]
Van den Bergh, B.; Fauvart, M.; Michiels, J. Formation, physiology, ecology, evolution and clinical importance of bacterial
persisters. FEMS Microbiol. Rev. 2017, 41, 219–251. [CrossRef]
Iris, K.; Devang, S.; Amy, S.; Niilo, K.; Kim, L. Specialized Persister Cells and the Mechanism of Multidrug Tolerance in Escherichia
coli. J. Bacteriol. 2004, 186, 8172–8180.
Masuda, Y.; Sakamoto, E.; Honjoh, K.I.; Miyamoto, T. Role of toxin-antitoxin-regulated persister population and indole in bacterial
heat tolerance. Appl. Environ. Microbiol. 2020, 86, e00935-20. [CrossRef]
Keren, I.; Minami, S.; Rubin, E.; Lewis, K. Characterization and Transcriptome Analysis of Mycobacterium tuberculosis Persisters.
MBio 2011, 2, e00100-11. [CrossRef]
Ayrapetyan, M.; Williams, T.C.; Baxter, R.; Oliver, J.D. Viable but Nonculturable and Persister Cells Coexist Stochastically and Are
Induced by Human Serum. Infect. Immun. 2015, 83, 4194–4203. [CrossRef] [PubMed]
Wang, T.; El Meouche, I.; Dunlop, M.J. Bacterial persistence induced by salicylate via reactive oxygen species. Sci. Rep. 2017,
7, 43839. [CrossRef]
Cañas-Duarte, S.J.; Restrepo, S.; Pedraza, J.M. Novel Protocol for Persister Cells Isolation. PLoS ONE 2014, 9, e88660.
Ayrapetyan, M.; Williams, T.; Oliver, J.D. Relationship between the Viable but Nonculturable State and Antibiotic Persister Cells.
J. Bacteriol. 2021, 200, e00249-18. [CrossRef]
Mohiuddin, S.G.; Kavousi, P.; Orman, M.A. Flow-cytometry analysis reveals persister resuscitation characteristics. BMC Microbiol.
2020, 20, 202. [CrossRef]
Orman, M.A.; Brynildsen, M.P. Establishment of a Method to Rapidly Assay Bacterial Persister Metabolism. Antimicrob. Agents
Chemother. 2013, 57, 4398–4409. [CrossRef] [PubMed]
Shah, D.; Zhang, Z.; Khodursky, A.B.; Kaldalu, N.; Kurg, K.; Lewis, K. Persisters: A distinct physiological state of E. coli. BMC
Microbiol. 2006, 6, 53. [CrossRef]
Windels, E.M.; Meriem, Z.B.; Zahir, T.; Verstrepen, K.J.; Hersen, P.; Van den Bergh, B.; Michiels, J. Isolation of persisters enabled
by ß-lactam-induced filamentation reveals their single-cell awakening characteristics. bioRxiv 2019, 600700. [CrossRef]
Lei, J.; Sun, L.; Huang, S.; Zhu, C.; Li, P.; He, J.; Mackey, V.; Coy, D.H.; He, Q. The antimicrobial peptides and their potential
clinical applications. Am. J. Transl. Res. 2019, 11, 3919–3931. [PubMed]
De Breij, A.; Riool, M.; Cordfunke, R.A.; Malanovic, N.; De Boer, L.; Koning, R.I.; Ravensbergen, E.; Franken, M.; Van Der Heijde,
T.; Boekema, B.K.; et al. The antimicrobial peptide SAAP-148 combats drug-resistant bacteria and biofilms. Sci. Transl. Med. 2018,
10, eaan4044. [CrossRef]
Zaat, S.A.J.; Kwakman, P.H.S.; Drijfhout, J.W. Thrombocidin-Derived Antimicrobial Peptides. WO Patent No. WO2015099535A1,
2 July 2015.
Omardien, S.; Drijfhout, J.W.; Vaz, F.M.; Wenzel, M.; Hamoen, L.W.; Zaat, S.A.J.; Brul, S. Bactericidal activity of amphipathic
cationic antimicrobial peptides involves altering the membrane fluidity when interacting with the phospholipid bilayer. Biochim.
Biophys. Acta (BBA)-Biomembr. 2018, 1860, 2404–2415. [CrossRef]
Fang, C.; Stiegeler, E.; Cook, G.M.; Mascher, T.; Gebhard, S. Bacillus subtilis as a platform for molecular characterisation of
regulatory mechanisms of Enterococcus faecalis resistance against cell wall antibiotics. PLoS ONE 2014, 9, e93169. [CrossRef]
Prazdnova, E.V.; Mazanko, M.S.; Bren, A.B.; Chistyakov, V.A.; Weeks, R.; Chikindas, M.L. SOS Response Inhibitory Properties by
Potential Probiotic Formulations of Bacillus amyloliquefaciens B-1895 and Bacillus subtilis KATMIRA1933 Obtained by Solid-State
Fermentation. Curr. Microbiol. 2019, 76, 312–319. [CrossRef] [PubMed]
Strahl, H.; Hamoen, L.W. Membrane potential is important for bacterial cell division. Proc. Natl. Acad. Sci. USA 2010, 107,
12281–12286. [CrossRef]
Ian, C.; Marilyn, R. Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology, and Epidemiology of Bacterial
Resistance. Microbiol. Mol. Biol. Rev. 2001, 65, 232–260.
Wenzel, M.; Dekker, M.P.; Wang, B.; Burggraaf, M.J.; Bitter, W.; van Weering, J.R.T.; Hamoen, L.W. A flat embedding method for
transmission electron microscopy reveals an unknown mechanism of tetracycline. Commun. Biol. 2021, 4, 306. [CrossRef]
Balaban, N.Q.; Helaine, S.; Lewis, K.; Ackermann, M.; Aldridge, B.; Andersson, D.I.; Brynildsen, M.P.; Bumann, D.; Camilli, A.;
Collins, J.J.; et al. Definitions and guidelines for research on antibiotic persistence. Nat. Rev. Microbiol. 2019, 17, 441–448.
[CrossRef]
Hoefel, D.; Grooby, W.L.; Monis, P.T.; Andrews, S.; Saint, C.P. A comparative study of carboxyfluorescein diacetate and
carboxyfluorescein diacetate succinimidyl ester as indicators of bacterial activity. J. Microbiol. Methods 2003, 52, 379–388.
[CrossRef]
Basiji, D.A.; Ortyn, W.E.; Liang, L.; Venkatachalam, V.; Morrissey, P. Cellular image analysis and imaging by flow cytometry.
Clin. Lab. Med. 2007, 27, 653–670. [CrossRef]
Muratori, M.; Forti, G.; Baldi, E. Comparing flow cytometry and fluorescence microscopy for analyzing human sperm DNA
fragmentation by TUNEL labeling. Cytom. Part A 2008, 73, 785–787. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 10059

39.
40.

41.
42.
43.

44.
45.
46.
47.

48.
49.
50.
51.
52.

53.

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

17 of 18
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