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Abstract: Toxin-antitoxin (TA) modules are ubiquitous in bacteria, but their biological importance
in stress adaptation remains a matter of debate. The inactive ζ-ε2-ζ TA complex is composed
of one labile ε2 antitoxin dimer flanked by two stable ζ toxin monomers. Free toxin ζ reduces
the ATP and GTP levels, increases the (p)ppGpp and c-di-AMP pool, inactivates a fraction of
uridine diphosphate-N-acetylglucosamine, and induces reversible dormancy. A small subpopulation,
however, survives toxin action. Here, employing a genetic orthogonal control of ζ and ε levels, the fate
of bacteriophage SPP1 infection was analyzed. Toxin ζ induces an active slow-growth state that halts
SPP1 amplification, but it re-starts after antitoxin expression rather than promoting abortive infection.
Toxin ζ-induced and toxin-facilitated ampicillin (Amp) dormants have been revisited. Transient
toxin ζ expression causes a metabolic heterogeneity that induces toxin and Amp dormancy over a
long window of time rather than cell persistence. Antitoxin ε expression, by reversing ζ activities,
facilitates the exit of Amp-induced dormancy both in rec+ and recA cells. Our findings argue that an
unexploited target to fight against antibiotic persistence is to disrupt toxin-antitoxin interactions.

Keywords: toxin-antitoxin system; cell wall inhibition; persistence; nucleotide hydrolysis; uridine
diphosphate-N-acetylglucosamine

Key Contribution: The understanding of bacterial persistence might enable us to devise treatments
against such threat. Toxin ζ, which is a UNAG-dependent ATPase, interferes with purine nucleotide
homeostasis, and this physiological heterogeneity induces reversible dormancy and a subpopulation
of survivors. Transient ζ expression indirectly reduces Amp persistence without massive autolysis.
Antitoxin ε expression reverses toxin action and induces the exit of cells from an Amp dormant state.
A deeper understanding of the metabolic state to inhibit toxin action, which sensitizes bacterial cells
to different antibiotics, and disruption of antitoxin-mediated reversion of toxic action, are crucial to
overcome antibiotic persistence.

1. Introduction

Bacteria have evolved complex regulatory controls and a diverse repertoire of cell transition
states in response to various environmental stresses. In order to survive, cells slow down their growth
rate and redirect their metabolic resources, until conditions improve and growth can increase [1].
It was shown early in Staphylococcus aureus that a large bacterial fraction is unable to survive to
lethal doses of penicillin but a subpopulation survives, showing a biphasic inactivation curve [2,3].
It was proposed that in the presence of phenotypic heterogeneity (noise at the level of transcription
of key genes during the life cycle), stochastic and antibiotic-induced stress leads to a non-genetic
phenotypic “antibiotic insensitive” state, which was termed as persistence [3–6].Persisters have been
featured throughout due to their important role in bacterial infections. In the Proteobacteria Phylum

Toxins 2020, 12, 801; doi:10.3390/toxins12120801 www.mdpi.com/journal/toxins

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Digital.CSIC

https://core.ac.uk/display/372713138?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.mdpi.com/journal/toxins
http://www.mdpi.com
https://orcid.org/0000-0002-5178-7179
http://www.mdpi.com/2072-6651/12/12/801?type=check_update&version=1
http://dx.doi.org/10.3390/toxins12120801
http://www.mdpi.com/journal/toxins


Toxins 2020, 12, 801 2 of 17

(Escherichia coli being the best-characterized representative) starvation-induced (p)ppGpp contributes
to antibiotic persistence, whereas in bacteria of the Firmicutes phylum, the persistence effectors are
more complex [7–10]. It has been proposed that in S. aureus the bona fide persistence effector is ATP
depletion [11], but treatment with ATP synthesis inhibitors also induces (p)ppGpp accumulation
and decreases GTP levels [12]. In Bacillus subtilis, which is the best-characterized representative
of the Firmicutes phylum, the synthase-hydrolase RelA, and the two small alarmone synthases
SasA (also termed RelP or YwaC) and SasB (RelQ or YjbM) downregulate ATP and GTP levels,
increase (p)ppGpp, and indirectly the cyclic 3,5-diadenosine monophosphate (c-di-AMP) pools [13,14].
Antibiotic persistence might be controlled by deregulating (p)ppGpp and c-di-AMP pools [10,15].
In response to antibiotics that target cell wall biosynthesis, as the bactericidal β-lactam ampicillin
(Amp), (p)ppGpp and c-di-AMP synthesis are induced in B. subtilis cells [16]. Furthermore, the sasA
transcripts are increased by certain classes of cell-wall-active antibiotics (Amp among them) that trigger
a membrane stress, and increase (p)ppGpp and c-di-AMP levels [13,17].

Bacterial toxin-antitoxin (TA) modules, which are ubiquitous across a broad range of
extrachromosomal elements and are present in bacterial and archaeal chromosomes, are operons
encoding a toxin that interferes with vital cell processes and an antitoxin that counteracts toxin
action [18–21]. The type I to VI TA modules, which are classified according to the nature of the antitoxin
and to their mode of toxin inhibition, are implicated in the fine tuning of multiple cellular functions
and are associated with cell survival under different stress conditions [20,21]. The largest group is
formed by type II TAs, which were first described as loci that enforce the maintenance of plasmids
via post-segregational killing [22], and their ability to stabilize their mobile elements is considered
as a selfish property [21,23]. In a type II TA system, which comprises a pair of genes coding for two
proteins, the antitoxin forms a tight complex with the toxin to avoid its action [18–21,23]. Under certain
stress conditions, the unstable antitoxin is rapidly degraded by host ATP-dependent proteases, freeing
the proteolytically stable toxin [18,20]. The free toxin, which targets essential cellular processes such as
RNA, DNA and protein synthesis, cell division, general stress response, etc., triggers a biphasic cell
inactivation curve [24].

A variant of the HipAB type II TA system, rather than deletion of hipBA operon, has been shown
to contribute to the formation of antibiotic persistence in E. coli cells. The hipA7 mutation, which maps
in the HipA toxin, produces a high fraction of persisters [7,25]. HipA activates the stringent response,
and by increasing (p)ppGpp levels, leads to persister formation [26–28]. However, a strong link
between the induction of TA systems and antibiotic persistence is missing, and further work is needed
to establish whether physiological levels of a toxin contribute to antibiotic persistence [23,29–31].
Deletion of E. coli- and B. subtilis-encoded chromosomal type II TA systems have no effect on antibiotic
persistence [12,31].

The type II TAs of the ζ-ε superfamily, which is among one of the most broadly distributed
TA modules in nature, are found in major human and plant pathogens. TAs of this superfamily
are composed of two toxin monomers (with ζ and PezT as representatives), that interact with their
cognate dimeric ε2/PezA2 antitoxin forming an inactive ζε2ζ or PezT-PezA2-PezT complex [32,33].
ζ/PezT interacts with its activator/substrate, the peptidoglycan precursor uridine diphosphate-N-
acetylglucosamine (UNAG) [34]. UNAG is an essential precursor of bacterial cell wall biosynthesis [34].
The structures of the inactive ζε2ζ or PezT-PezA2-PezT complex, alone or UNAG bound, have been
reported [32–35]. The interaction of the antitoxin with the toxin sterically blocks ATP-Mg2+ binding by
the ζ/PezT toxin, but not with UNAG [32–35]. Therefore, the interactions with ATP and ε2/PezA2 are
mutually exclusive [32,33]. The structure of the inactive ζε2ζ or PezT-PezA2-PezT complex, both alone
or UNAG bound, has been reported [32–35]. Toxin ζ hydrolyses ATP in the presence of UNAG and
phosphorylates a small fraction of UNAG, rendering it irreversibly inactive [15,34,36,37].

Transient toxin ζ expression, at or near physiological concentrations, leads to several cellular
responses in B. subtilis cells growing in S7 minimal medium, at 37 ◦C with aeration. At early stages
of transient toxin ζ expression (up to 15 min), the ζ UNAG-dependent ATPase decreases the ATP



Toxins 2020, 12, 801 3 of 17

pool, and indirectly it alters the intracellular ATP/GTP ratios [37,38]. Such perturbation affects the
concentration of the transcription initiation nucleoside triphosphates (ATP, GTP), and indirectly
regulates RNA polymerase transcription initiation [39]. This mechanism, which is crucial for rapid
adjustment of gene expression in response to environmental changes [40], alters the expression of ~2%
of total B. subtilis genes (among those, it induces relA and comGA gene expression) [38]. However,
an increased expression of SOS response genes or proteases that selectively induce cell-cycle arrest is
not observed [38]. At 15–30 min times, the concerted action of relA and comGA increases the (p)ppGpp
pool and indirectly the levels of the essential c-di-AMP second messenger [15,38]. Toxin ζ expression
induces a cellular dormant state, but a reduced subpopulation, which shows no genetic modification,
survives toxin action [10,15,38]. At 30–90 min, the synthesis of macromolecules (DNA, RNA, proteins)
is inhibited and the membrane potential is impaired, with ~35% of total cells transiently stained
with propidium iodide (an indicator of membrane compromised cells) [38]. At 90–120 min, the cell
wall biosynthesis is reduced by ζ-mediated phosphorylation of a small UNAG fraction, leading to
the accumulation of unreactive UNAG-3P [34,38]. In addition, (p)ppGpp mediates the inhibition
of peptidoglycan metabolism [41]. Antitoxin ε expression blocks ATP binding by toxin ζ, thereby
inhibiting its ATPase and phosphotransferase activities. Antitoxin ε reverses the toxic effect exerted by
ζ in cell proliferation, and only ~10% of total cells remained stained with propidium iodide [38,42,43].
This is consistent with the fact that the toxin ζ action is reversible by nature even in distantly related
bacteria, such as E. coli and B. subtilis cells [38,43]. Transient toxin ζ expression sensitizes cells to
Amp treatment, and antitoxin ε expression reverses the ζ-induced dormant state, and the steady state
condition is re-established [15,38,43]. The reversibility of ζ action upon longer periods of time in the
presence of Amp is unknown. Therefore, we have re-examined the mode of action of toxin ζ, at or near
physiological concentrations in B. subtilis cells growing in the minimal S7 medium, to understand how
toxin ζ contributes to reduce Amp persistence.

In this study, we show that toxin ζ induces a dormant although still metabolically active state.
The study of SPP1 in cells where toxin ζ is expressed reveals that ζ induces an active slow-growth
rather than a growth-arrested condition and abortive infection. Amp addition at twice the minimum
inhibitory concentration (2×MIC) halts B. subtilis proliferation, leading to a biphasic time-inactivation
curve, which is maintained by a long period of time. Transient toxin ζ expression sensitizes cells to
Amp action during a long time period. Antitoxin ε expression switches back ζ-induced dormancy,
and promotes the exit of toxin-facilitated Amp dormants without observing a point of no return.
Inactivation of recA, which suppresses the SOS response, marginally reduced the relative rate of
antibiotic persistence. Transient ε expression reverses the negative effect of the toxin and indirectly
awakes Amp dormants to levels observed in the rec+ control. This toxin-mediated sensitization of
bacterial cells to Amp and the understanding of the conditions that inhibit antitoxin action will facilitate
targeted engineering of their activity towards the development of anti-persistence agents.

2. Results and Discussion

2.1. Experimental Rationale

Resistance, tolerance, and persistence are independent solutions used by bacteria to survive an
antibiotic action (Supplementary Figure S1) [1]. A bacterial population resistant to antimicrobial,
which grows under drug pressure, uses mutation-associated defense mechanisms (such as antibiotic
inactivation/modification, increased efflux, or target modification) to confer a resistant phenotype with
or without a fitness cost (Figure S1) [19,44,45]. Persistence is a special case of tolerance, and often the
two terms are interchangeable [45]. Tolerance is the general ability of a population to survive a longer
antibiotic treatment without a significant change in the MIC (Figure S1, dotted line), whereas persistence
represents a subpopulation of cells that can survive the antibiotic treatment (Figure S1, dotted vs.
orange broken dotted line) [1].
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The growth of susceptible bacteria is challenged by the addition of an antibiotic (e.g., Amp),
but a subpopulation of stochastic variants, by undergoing a period of slow- or non-growth, escapes
the antibiotic action, leading to a bimodal time-inactivation curve of cell persistence (Figure S1,
orange broken dotted line) [1]. In B. subtilis, the mechanisms responsible for antibiotic persistence
have not been delineated, and the fate of persistents after a prolonged exposure to the antibiotic
before returning to permissive conditions is poorly understood. Here, Amp-induced cell-wall stress,
by inducing sasA expression (one of the two small alarmone synthases), reduces the GTP pool and
increases c-di-AMP and ppGpp levels [10,13,17]. This state might be transient and all cells might
“awake” after removal of the antibiotic.

In previous studies, the number of toxin ζ and antitoxin εmolecules from a S. pyogenes plasmid-
borne ε-ζ TA cassette was determined in the B. subtilis host grown in the minimal S7 medium [43,46].
An orthogonal control of ζ and ε was constructed by placing the ζ gene under the control of an
isopropyl-β-D-thiogalactoside (IPTG) inducible promoter (lacI, Phspζ, spc cassette), was ectopically
integrated into the B. subtilis amy locus (Table 1) [38]. The antitoxin ε gene, which reads from a xylose
(Xyl)-inducible promoter (xylR, PxylAε, cat cassette), was cloned into the middle-low-copy number
pCB799 plasmid (~8 copies/cell) [38]. In B. subtilis, BG1125 pCB799 cells grown in S7 are prone to
genome rearrangements, by transcriptional escape of the ζ gene from the Phsp promoter. The Xyl
concentration required to reduce genome rearrangements was estimated to be 0.005% [10,38]. BG1125
(pCB799) grows in the S7 medium with 0.005% Xyl at 37 ◦C with a doubling time of (58 ± 2 min)
(Figure S2) [38].

Table 1. Bacterial strains used.

Strain Relevant Genotype Reference

BG214 trpCE metA5 amyE1 ytsJ1 rsbV37 xre1 xkdA1 attSPβ, attICEBs1 Lab. Collection
BG1127 + lacI, Phsp

a, spc, [pCB799-borne xylR, PxylAε
b, ermC, cat] [38]

BG1125 + lacI, Phspζ
a, spc, [pCB799-borne xylR, PxylAε

b, ermC, cat] [38]
BG1125 + lacI, Phspζ

a, spc, [pCB1226-borne xylR, PxylAε
b, cat] This work

BG1889 + lacI, Phspζ
a, spc, ∆recA (recA:erm) [pCB1226-borne xylR, PxylAε

b, cat] This work

All B. subtilis strains are isogenic with the BG214 strain. a The Phsp promoter is under the control of the LacI repressor.
b The PxylA promoter is under the control of the XylR repressor.

Then, the IPTG concentration necessary to express similar levels of toxin from the native system,
and the Xyl concentration necessary to express sufficient ε2 to inactivate the toxin ζ action was
estimated [38]. Transient toxin ζ expression, at or near physiological concentrations, induces reversible
cell dormancy. Here, a large cell fraction enters into a toxin-induced dormant state that cannot form
colonies since they minimize their metabolic activity. By contrast, a small subpopulation escapes the
toxin ζ action without diminishing their metabolic activity. When the inducer of toxin expression was
removed, the cells exited the transient dormant state and formed colonies, leading to bimodal toxin
survivors (Figure S1, blue broken dotted line) rather than toxin tolerants (Figure S1) [15]. These cells
that escape the toxin ζ action show no genetic changes [38].

Transient toxin ζ expression sensitizes cells to the Amp treatment [10,15]. In the BG1125 [pCB799]
strain, the presence of IPTG or Xyl does not affect the MIC for Amp [10]. The fate of the Amp persisters,
which are sensitized by toxin ζ is unknown. At least two types of mechanisms can be envisioned. First,
toxin-induced dormancy sensitizes cells to Amp action. Second, ζ-induced dormancy and stochastic
slow growth cells trigger a viable but not-culturable state. In the latter condition, normal culturable
cells stochastically lost their ability to grow on media, but remain viable [47]. If the first hypothesis
is correct, antitoxin ε expression inactivates ζ, and indirectly reverses Amp dormants, as depicted
in Figure S1 (red dotted curve). However, if the latter hypothesis is correct, transient ε2 expression
should reverse toxin-induced dormancy, but it should play no role on the exit from stochastic viable
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but the not-culturable state. These experiments performed here should contribute to understand the
mechanism of genesis and exit of Amp persistence.

2.2. Toxin ζ Induces a Slow-Growth Active State

In γ-Proteobacteria, deletion of chromosomally-encoded type II TA loci neither confers a fitness
benefit nor influences stress tolerance [48,49]. Similarly, deletion of B. subtilis-encoded type II TA
systems has no effect on antibiotic persistence [12]. To gain insight on the molecular and physiological
bases of toxin-induced dormancy, dormant cells were infected with a lytic bacteriophage (phage) and
the infective cycle was followed.

Except TA systems that abort infection of a specific phage in selected hosts [50], and those
phages that encode bona fide TA systems [23], it has been observed that overexpression of type
II toxins contributes to abortive infection and causes exclusion of lytic phages from the bacterial
population [26,51]. It has been also shown that in the arms race of a bacterium and its phage, a λ lytic
variant was able to infect and kill survival bacteria, despite their dormancy state [52], and that T4
infection inactivates MazF toxin activity [53]. In contrast, it has been also shown that phage λ cannot
overcome a toxin treat, since toxin overexpression, acting as a defense mechanism, protects the bacterial
culture by increasing (p)ppGpp levels, and the alarmone might antagonize λ phage development [54].
Moreover, toxin RnlA overexpression cleaves phage T4 mRNAs to antagonize T4 amplification [55].
Therefore, phage infection of toxin-induced dormant cells can be a powerful tool to understand the
physiology of toxin-induced dormancy and to address how the toxin ζ expression sensitizes cells to
toxin ζ expression.

A set of isogenic B. subtilis strains, lacking prophages (SPβ and PBSX), conjugative genetic elements,
CRISPR-Cas and restriction systems, and having a deficiency in the rsbV gene, whose function is
crucial for the activation of RNA polymerase σB-mediated general stress response [56], were used to
characterize the impact of toxin ζ expression on cell dormancy (Table 1). The BG1127 (pCB799) strain
(in the presence or absence of IPTG, doubling time 59 ± 3 min) and BG1125 (pCB799) strain (in the
absence of IPTG, doubling time 58 ± 2 min) grown in the minimal S7 medium supplemented with
traces of Xyl (0.005%) at 37 ◦C with shaking had a similar doubling time (Figure S2). Both cell cultures
reached a plateau at ~3.5 × 109 cells mL−1 (Figure S2). By contrast, if IPTG (2 mM) was added at
OD560 = 0.2, the growth curve of the BG1125 (pCB799) strain was halted and after 720 min the OD560

was not significantly decreased (Figure 1 and Figure S2), but the plating efficiency was significantly
reduced (Figure 2A) [38].

BG1125 (pCB799) cells were grown in the minimal S7 medium supplemented with 0.005% Xyl,
to OD560 = 0.2 at 37 ◦C with shaking. At this time (-20 min), the culture was divided, 2 mM IPTG
(time zero) was added to a half, and both cultures were incubated for 20 min to allow toxin-induced
dormancy. The total number of cells were measured as colony-forming units (CFUs) by plating them on
LB plates lacking IPTG (Figure 1A and Figure S3). At -5 min, both cell cultures, containing or not IPTG,
were infected with phage SPP1 at a multiplicity of infection (moi) of 1 (to minimize the noise of free
phages), and incubated for further 5 min. Then, free phages were removed by centrifugation, and this
time was considered as 0 min in our experiment. At 0 min, the number of cells was measured by
plating on LB agar plates and plaque-forming units (PFUs), to determine the number of infected centers,
cells were measured by plating appropriate dilutions of the culture in a lawn of exponentially growing
BG214 cells (indicator strain) onto LB-Mg (supplemented with 10 mM MgCl2) plates (Figure 1A,B).
In parallel, free phages from the supernatant of centrifugation were determined, to test whether
centrifugation was sufficient to remove them or polyclonal anti-SPP1 antibodies were necessary to the
inactive free phages. Since in the minus IPTG condition the number of total cells minus free phages was
not significantly different from the number of infected centers, we have omitted the use of polyclonal
anti-SPP1 antibodies.

After 20 min of toxin induction IPTG, CFUs were reduced by ~1000-fold at a time when compared
to the parallel culture in the absence of IPTG (Figure 1A and Figure S3, black vs. grey bar). After infection
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with SPP1, the proportion of infected centers measured as PFUs was similar in the minus and plus
IPTG conditions (Figure 1B, black and grey bars), suggesting that a large fraction of dormant cells
were infected by SPP1. In the absence (grey bar) and presence of IPTG (black bar), the phage
titer, which correlates to the cell population infected by SPP1, was similar and in good agreement
with the expected for a one-hit kinetic. From the input phages, ~71% and ~67% infected the cells,
respectively, defining the infected centers (Figure 1B) and ~30% were recovered from the supernatant
after centrifugation. In parallel, the total number of cells at -20, 0, 60, and 120 min in the absence of
phage SPP1 was also measured as CFUs by plating them on LB plates lacking IPTG (Figure S3).

The SPP1 infection cycle takes 35–45 min in cells growing in the minimal medium, thus the
infected cells were incubated for 60 min, and then the relative number of progeny phage per infected
cell (burst size) was deduced for the minus and plus IPTG conditions. At 60 min and in the presence
of IPTG, cells remained in the dormant state (Figure 1A vs. Figure S3), suggesting that SPP1 does
not encode (a) gene(s) whose function can neutralize toxin ζ action. At 60 min, the phage SPP1 titer
from cultures where the toxin had been induced was similar to the number of infected cells at 0 min.
However, in the absence of IPTG, the PFUs greatly increased. The SPP1 relative burst size (the ratio of
the total number of SPP1 progeny to the number of input phage) from three independent experiments
was quantified by counting cells and phages taking in to account the supernatant of the cultures
(Figure 1A,B). The SPP1 burst size significantly increased (~80 SPP1 phages/infected cell). These results
suggest that SPP1, upon infecting toxin-dormant cells neither enters in the amplification cycle nor
promotes the exit of the dormant state.
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Figure 1. Toxin dormants infected with the lytic phage SPP1 are metabolically active. Survival rate of
BG1125 (pCB799) cells infected by the SPP1 phage after ζ toxin induction. BG1125 (pCB799) cells were
grown in the minimal S7 medium, containing traces of Xyl (0.005%) and 10 mM MgCl2 to OD560 = 0.2
at 37 ◦C. At this time (-20 min) the culture was divided in two. To one half, IPTG (2 mM) was added
(black bars) to induce ζ expression (-20 min) and incubated for 15 min. After 15 min, phage SPP1 at
moi = 1 was added to both cultures and cells were incubated for further 5 min. At 0 min, cells were
centrifuged to remove unadsorbed phages and resuspended in S7 medium, containing 0.005% Xyl
and 10 mM MgCl2. Colony-forming units (CFUs) were counted plating on a LB agar (time 0) and
both infected cultures were incubated for further 60 min (60 min). At 60 min, 0.5% Xyl was added to
induce antitoxin ε expression to neutralize toxin action, and both infected cultures were incubated for
further 60 min (120 min). At 0, 60, and 120 min, samples were withdrawn and plated in LB agar plates
lacking IPTG to count CFUs (A), or in a lawn of exponentially growing BG214 cells onto LB plates
supplemented with 10 mM MgCl2 to measure PFUs (B). Data are shown as mean ± standard error of
the mean (SEM), from >3 independent experiments.

To test whether dormant cells antagonize or cannot support SPP1 amplification or if dormant
cells can support SPP1 amplification upon toxin neutralization at 60 min post-infection, Xyl (0.5%)
was added to induce antitoxin ε expression, and the cultures were incubated for further 60 min.
At 120 min, the number of total cells and the SPP1 burst-size were quantified as described above. In the
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presence of IPTG and Xyl, the yield of SPP1 phage in cells expressing both ζ and ε genes (between 60
to 120 min) was significantly increased (~110 SPP1 phages/predicted infected cell), calculated from the
PFU obtained and the number of infected centers at 60 min (Figure 1B). This suggests that only when
infected cells exit toxin-induced dormancy, by the anti-toxin action, SPP1 was amplified. In the only
Xyl condition (i.e., no toxin induced), the number of total cells increased (58 ± 2 min doubling time),
but the phage titer did not, suggesting that these cells enter in a state that might not be further infected
by the SPP1 phage.

These data altogether suggest that: (i) SPP1 infected toxin-induced dormant cells with a similar
efficiency as normally growing cells (Figure 1B, time zero); (ii) ζ-induced dormancy does not impair
phage absorption, but delays the SPP1 lytic cycle; (iii) toxin ζ-induced dormancy is a metabolically
active state rather than a growth-arrested state leading to abortive infection; (iv) SPP1 does not undergo
an abortive infection; and v) upon toxin ζ inactivation, by antitoxin ε expression, the exit of ζ-induced
dormancy facilitates a viral infective cycle.

2.3. Discrete Subpopulations of Toxin ζ Survivors and Amp Persisters

The subpopulation of cells that survive an antibiotic treatment, are termed persisters [1,45].
The rate of killing by Amp is strictly proportional to the rate of bacterial growth, and Amp persistence
is associated with a pre-existing phenotypic switching to a stochastic non-growing state (or leftover
cells from high-stress stationary-phase inoculums) [57,58]. To analyze the interconnection between
toxin survivors and Amp persisters and whether a prolonged growth arrest causes an irreversible cell
cycle arrest (point of no return), we have used BG1125 (pCB799) cells (Table 1).

BG1125 (pCB799) cells were grown in the minimal S7 medium, supplemented with 0.005% Xyl,
to OD560 = 0.2 at 37 ◦C with shaking, and then 2 mM IPTG (0 min) was added to induce toxin expression,
and the reaction incubated for 900 min (Figure 2A). Toxin ζ expression quickly reduced the cell plating
efficiency showing a biphasic time-inactivation curve (Figure 2A, blue empty rhombs), suggesting that
toxin ζ expression reaches a steady-state in a short time and it remains for at least 900 min. It is likely
that toxin ζ expression induces a slow-growth active state, but a rare fraction (3–6 × 10−5) exits this
dormant state and survives, or a preexisting population of non-growing cells are insensitive to toxin
action (type I-like persisters) (see [59]). Alternatively, expression of the ζ gene triggers the expression
of any of the type I and/or type II TA modules present in the background, and the loss of cell viability
and the observed surviving cells arise via the overlapping activation of multiple toxins, even with
different activities.

To test whether the frequency of survivors may increase in response to the spontaneous induction
of other chromosomally encoded toxins present in the background, IPTG was removed, by washing
the culture with the pre-warmed S7 medium, containing 0.5% Xyl (to induce antitoxin ε expression),
and cells were preincubated for 15 min before plating on LB plates containing 0.5% Xyl, but lacking
IPTG. Antitoxin ε expression reversed ζ-induced dormancy, by significantly increasing cell viability
nearly to full values almost similar to the time of IPTG addition (Figure 2A, blue filled rhombs). Similar
results are observed when IPTG is not removed from the medium [15]. It is likely that: (i) Toxin
ζ-induced dormancy rather than cell lysis, as judged by the non-significant variation in the OD560 = 0.2
during a 720-min interval (Figure S2); (ii) toxin ζ is not triggering a spontaneous induction of toxins
from TA systems present in the background; and (iii) toxin ζ transiently halts DNA replication and
triggers a phenotypic heterogeneity [38]. In addition, the expression of the antitoxin ε expression
reversed ζ-induced growth arrest even after a prolonged dormancy (equivalent to ~15 mass doubling
periods) (Figure 2A, blue filled rhombs).
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Figure 2. Toxin ζ induces reversible dormancy, and facilitates Amp dormancy. (A), BG1125 (pCB799)
cells were grown in the S7 medium, containing traces of Xyl (0.005%) at 37 ◦C and the cultures were
divided. Then, IPTG (2 mM) to induce ζ expression, Amp (at 2×MIC, 3 µg mL−1), or both IPTG and
Amp were added (0 min), and the cultures were incubated for 900 min. At various times, samples were
withdrawn, centrifuged, and plated on LB agar plates to count ζ (empty blue rhomb), Amp (filled
orange square), or both ζ and Amp survivals (empty purple circles). At 30, 60, 120, 240, and 900 min,
aliquots were taken and 0.5% Xyl was added to induce antitoxin ε expression, and the cultures were
incubated for 15 min before plating in LB agar plates containing Xyl, but lacking IPTG (filled blue
rhomb) or both IPTG and Amp (filled purple circle). The vertical broken lines join the original point (ζ or
ζ + Amp) with the reversed condition after ε expression. (B) An overnight culture of BG1125 (pCB799)
cells grown in the S7 medium, containing traces of Xyl (0.005%) was normalized to ~1 × 109 cells mL−1

(37 ◦C) and the cultures were divided. Xyl (0.5%) to induce ε expression as the control was added. IPTG
to induce toxin, Amp, or both IPTG and Amp was added (0 min), and the cultures were incubated for
240 min. At various times, samples were withdrawn and plated in LB agar plates lacking IPTG (empty
blue rhomb), Amp (filled orange square), or both IPTG and Amp (empty purple circles). At various
times, 0.5% Xyl was added to induce antitoxin expression, and the cultures were incubated for 15 min
before plating. Samples were withdrawn and plated in LB agar plates containing Xyl, but lacking
IPTG (filled blue rhomb) or both IPTG and Amp (filled purple circle). The vertical broken lines join
the original point (ζ or ζ + Amp) with the reversed condition after ε expression. Data are shown as
mean ± standard error of the mean (SEM), from >4 independent experiments.
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To address whether antibiotic persisters are produced due to a stochastic entrance into the
stationary phase, the overnight culture was extensively diluted and BG1125 (pCB799) cells were grown
in the minimal S7 medium, supplemented with 0.005% Xyl, to OD560 = 0.2 at 37 ◦C with shaking.
It is expected that <0.3% of the total cells in the actively growing inoculum are old cells from the
stationary-phase inoculum. Amp (at 2×MIC, 3 µg mL−1) was added, and the culture was maintained
up to 900 min. At indicated times, the cells were washed to remove the antibiotic, and plated in LB
lacking Amp. The removal of Amp was sufficient to reveal that a large fraction of cells (>99% of total
cells) cannot form colonies upon exposure to bacteriolytic Amp (Figure 2A, filled orange squares).
As stated, the rate of Amp killing is proportional to the rate of bacterial growth [57], with >80% of total
Amp-treated cells being stained with propidium iodide [10], which stains the membrane compromised
cells. A small cell fraction (1–0.5 × 10−2 survivals), however, regained the ability to form colonies upon
antibiotic removal (Figure 2A, filled orange squares). Similar results were observed when the overnight
culture was less extensively diluted (~6% old cells), suggesting that old cells from the stationary-phase
inoculum poorly contribute to the Amp persistence fraction.

Upon exposure to Amp for at least 900 min of incubation, cells survive following antibiotic
removal (Figure 2A) rather than becoming metabolically inactive by entering a path of no return
as described upon toxin MazF overexpression [60]. The culturable cells were still sensitive to Amp
action, thus we have to believe that after prolonged incubation to the antibiotic there were no genetic
changes [10].

2.4. Transient Toxin ζ Expression and Amp Addition Reduce the Subpopulation of Persisters

Transient toxin ζ expression sensitizes cells to the presence of different antibiotics [10,37].
At least two mechanisms can be envisioned: (i) Toxin dormants are sensitive to antibiotic action and
stochastically enter in a viable but not-culturable state with resuscitation independent of antitoxin
expression; or (ii) antibiotic persistence is the sum of stochastic and transient antibiotic-induced
dormants with resuscitation dependent of antitoxin expression. To test the above hypotheses, BG1125
(pCB799) cells were grown in S7 medium, supplemented with 0.005% Xyl, to OD560 = 0.2 at 37 ◦C
with shaking. Then, 2 mM IPTG and 3 µg mL−1 Amp were added, and at indicated times cells
were washed and plated in the absence of both IPTG and Amp. A typical biphasic decline curve
was observed (Figure 2A, purple empty circles). Amp and toxin action significantly decreased the
proportion of survivals (1–2 × 10−7) when compared to only ζ (3–6 × 10−5 survivors) or only Amp
(1–0.5 × 10−2 persisters) (Figure 2A, purple empty circles vs. blue empty rhombs and orange filled
squares). The persistent cells stochastically switch back to a growing state, upon plating in the
absence of IPTG and Amp, with the fraction of persisters remaining nearly constant for ~900 min
(Figure 2A, purple empty circles). It is likely that: (i) Amp persisters are in an active state that allows
toxin expression; (ii) toxin ζ expression does not increase antibiotic persistence; (iii) toxin expression
triggers a network of intracellular stress responses that significantly increases cell dormancy; and (iv)
toxin-induced dormancy facilitates Amp dormants that resuscitate upon antitoxin expression.

2.5. Transient Antitoxin ε Expression Reverses ζ-Facilitated Exit of Amp Dormants

To test whether transient ζ expression enhances Amp efficacy with the cells entering in a viable but
not-culturable state or if ζ expression induces dormancy of Amp persisters, BG1125 (pCB799) cells were
grown in the minimal S7 medium, supplemented with 0.005% Xyl, to OD560 = 0.2 at 37 ◦C with shaking.
Then, 2 mM IPTG and Amp (3 µg mL−1) were added and the cells incubated up to 900 min (Figure 2A,
purple empty circles). At indicated times, IPTG and Amp were removed by washing the culture with
the pre-warmed S7 medium, containing 0.5% Xyl to induce antitoxin ε expression, and cells were
preincubated (15 min) before plating (Figure 2A, purple filled circles). The antitoxin ε recovered cell
proliferation to levels equivalent to that of Amp persisters, even after 900 min of toxin ζ and Amp action
(Figure 2A, purple filled circles). These data altogether suggest that: (i) Toxin ζ expression and Amp
addition induce prolonged dormancy (at least for 15 h) rather than programmed-cell death, as reported
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for the E. coli MazEF and RelBE locus (reviewed in [61]); (ii) ζ-induced dormancy is insensitive to
Amp action; (iii) toxin-induced dormant cells awake and form colonies even after 15 h of toxin and
Amp action, rather than triggering cell lysis or inducing a viable but not-culturable state (Figure 2A,
purple filled circles); and (iv) the orthogonal control of ζ and ε2 levels revealed that a TA system can be
an important element in coping with Amp stress; and (v) toxin survivors and Amp persistence are
not epistatic.

2.6. Toxin ζ Expression Induces Amp Dormancy in Non-Growing Cells

To re-evaluate whether Amp persisters are produced due to a stochastic entrance into the stationary
phase or upon transient toxin ζ expression, and if toxin expression or Amp addition to stationary phase
cells affects the persistence level and its subsequent exit, high-density slow- or non-growing stationary
phase B. subtilis BG1125 (pCB799) cells, which grew overnight in the S7 medium supplemented
with 0.005% Xyl, were used. The overnight culture was normalized to ~1 × 109 cells mL−1 with the
pre-warmed S7 medium, supplemented with 0.005% Xyl and split. Amp (3 µg mL−1), IPTG (2 mM),
or both Amp and IPTG were added and the cells incubated up to 240 min. At the indicated times,
IPTG, Amp, or both were removed from the medium and the culture was plated on LB plates. Since
in the absence of both, Amp and IPTG, the number of cells did not significantly increase at 240 min
(Figure 2B, filled grey triangles) and BG1125 (pCB799) cells grown in S7 supplemented with 0.005% Xyl
usually had an usual lag-time of 30–45 min (Figure S2), we assume that the high-density cells remain
in the stationary phase during the experimental period.

The MIC for Amp was estimated using low-density cells (1–3 × 106 cells mL−1 for 16 h, at 37 ◦C),
and no correction by per-cell in the Amp concentration was performed. At a variable time, and upon
removal of the antibiotic, a significant fraction could not form colonies, but a subpopulation of
cells persisted to Amp action (3–5 × 10−2 survivals). As expected, the proportion of persisters was
significantly higher than in exponentially growing cells (Figure 2A vs. Figure 2B, filled orange squares).
This is consistent with the observation that the rate of killing of Amp is strictly proportional to
the rate of bacterial growth [57]. Similar results were observed in the presence of 6 µg mL−1 Amp
(data not shown). It is likely that the lower proportion of cell death might correlate with the less
proportion of metabolically active cells in the stationary phase, but in the only Xyl condition the cells
are not proliferating.

In the presence of IPTG, the subpopulation of toxin ζ (3–6 × 10−5 survivals) did not significantly
increase during time and was similar in both, exponential growth and stationary phase (Figure 2A,B,
empty blue rhombs). Similar results were observed when a low-lived ζ variant (ζY83C) is used [10],
suggesting that when toxin ζ is expressed, it triggers dormancy in high-density stationary phase cells.
When Amp and IPTG were added, a low proportion of high-density stationary phase cells survive
toxin ζ and Amp action (4–7 × 10−8 survivals) (Figure 2B, empty purple circles).

To test whether the expression of ε antitoxin also reverses the effect of ζ-mediated dormancy
in high-density non-growing cells, Xyl was added at the indicated times. The expression of ε
antitoxin reversed the effect of the ζ toxin (3–5 × 10−1 survivals) and partially reversed toxin and Amp
(4–5 × 10−2 survivals) (Figure 2B, filled blue rhombs and purple circles). It is likely that: (i) Toxin
ζ induces a reversible dormant state in high-density, non-growing cells rather than entering in a
stochastic viable but not-culturable state; (ii) there are two different subpopulations of Amp persisters:
Stochastic (3–5 × 10−2 survivals) and toxin-induced (4–7 × 10−8 survivals); and iii) antitoxin expression
reverses the apparent sensitization of toxin dormants to Amp action.

2.7. RecA Inactivation Does not Alter the Antitoxin Awake of Toxin and Amp Dormants

Toxin-induced dormants are metabolically active slow-growing cells, and this may enhance
the development of heritable genetic changes, since many of the stress-response programs involved
in the survival of persisters can also accelerate genome-wide mutagenesis [58]. In Proteobacteria,
both stochastic and stress-induced slow-growth persisters have been shown to depend on the SOS
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responses [58,62]. Furthermore, the SOS response induces the expression of certain type I and II TA
modules in a subpopulation of E. coli [5,63].

In Proteobacteria and Firmicutes, bactericidal antibiotics (e.g., Amp), regardless of the drug-target
interaction, induce changes in cellular metabolism that promote the production of highly deleterious
hydroxyl radicals, leading to cell killing [64]. Amp-induced hydroxyl radicals, may damage template
bases and introduce single strand nicks. These nicks, through DNA replication, can be converted into
one-ended double-strand breaks (DSBs), that cause a significant induction of the SOS response [64,65]
and maintenance of Amp persistence in E. coli cells [66]. However, DNA damage caused by sublethal
doses of a fluoroquinolone in E. coli promotes persistence, but not Amp [5]. The recombinase recA,
which is a central player in the SOS response, contributes to the repair of the damaged template bases
that escape specialized repair, and of the nicks that are converted in one-ended DSBs during DNA
replication [67,68]. The contribution of the SOS response to the DSB repair, however, differs substantially
between E. coli and B. subtilis cells. In B. subtilis, the inability to induce the SOS response does not
compromise the DSB repair [69].

In E. coli cells, recA plays a critical role in the appearance of apoptotic phenotypes and in pushing
the cell towards its death [65], and inactivation of recA potentiates killing by different antibiotics,
Amp among them [64]. In B. subtilis cells, transient toxin ζ expression [38,43] or extended cell cycle
arrest [70] does not induce the SOS response. To test whether recA inactivation sensitizes cells to toxin or
Amp, a ∆recA mutation was mobilized onto the B. subtilis BG1125 (pCB1226) strain by SPP1-mediated
generalized transduction, rendering the BG1889 (pCB1226) strain (Table 1). Plasmid pCB1226 is a
derivative of pCB799, but the ermC gene was selectively inactivated so that the ∆recA mutation could
be introduced in B. subtilis BG1125 (pCB1226) cells by ErmR selection (Table 1).

BG1889 (pCB1226) cells were grown in S7 medium, supplemented with 0.005% Xyl, to OD560 = 0.2
at 37 ◦C with shaking. CFUs at this OD560 are 3–6 × 106 cells mL−1, in agreement with previous reports
showing that in B. subtilis only 10–20% of ∆recA cells can form colonies in plates in the absence of
DNA damage [71]. Then, IPTG (2 mM), Amp (3 µg mL−1), or both IPTG and Amp were added (0 min),
and the culture was maintained for 900 min (Figure 3). In the absence of ITPG and presence of traces
of Xyl (0.005%), the BG1889 (pCB1226) cells had a poor fitness, formed small-size colonies, and the
plating efficiency was reduced ~100-fold after 900 min of incubation (Figure 3, filled grey triangles).
This result indicates that a significant proportion of ∆recA cells may have a prolonged defect in DNA
repair and chromosomal segregation, which reduces cell viability during prolonged growth.

The number of Amp persisters and toxin survivors during the first 120 min was lower ~2 × 10−3

and ~4 × 10−6, respectively, but persistence to both Amp and toxin (~4 × 10−7 frequency of persisters) in
the ∆recA context (Figure 3, orange filled squares and blue empty rhomb vs. grey filled triangles) was
similar to that of the rec+ control (see Figure 2A). The decrease of toxin survivors and Amp persisters
was observed at 900 min (~7 × 10−9) after correction of the poor viability of the BG1889 (pCB1226)
strain in the absence of IPTG and Amp (Figure 3, purple empty circles vs. grey filled triangles). What
is the significance of such large variations in persisters to both toxin and Amp action in the ∆recA
context? First, to measure persisters, the culture was concentrated ~100-fold. Second, under this
experimental condition, the relative persistence frequency is similar to the spontaneous mutation rate.
Finally, B. subtilis has multiple forms of differentiation and development, thus we cannot rule out that
any uncontrolled condition might affect the outcome.
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Figure 3. Inactivation of recA does not affect the frequency of ζ survivors and Amp persisters. BG1889
(pCB799) cells were grown in the minimal S7 medium, containing traces of xylose (Xyl; 0.005%) to
OD560 = 0.2 (with CFUs of 1–3 × 106 cells mL−1) at 37 ◦C. Then, the cultures were divided. To the
indicated cultures, Xyl (0.5%) to induce ε expression as the control, IPTG (2 mM) to induce ζ expression,
Amp (3 µg mL−1) or both IPTG and Amp were added (0 min), and the cultures were incubated for
900 min. At various times, samples were withdrawn and plated in LB agar plates. At various times,
aliquots were taken and 0.5% Xyl was added to induce antitoxin expression, and the cultures were
incubated for 15 min before being plated in LB agar plates containing Xyl, but lacking IPTG (filled blue
rhomb), or both IPTG and Amp (filled purple circle). Data are shown as mean ± standard error of the
mean (SEM), from >4 independent experiments.

Transient antitoxin ε expression, by the addition of Xyl, reversed toxin action and the plating
efficiency was increased to levels similar to the control strain in the absence of any treatment (Figure 3,
blue filled rhombs vs. grey filled triangles). When Xyl was added to cells treated with both Amp and
IPTG, the expression of ε antitoxin reversed the effect of ζ toxin and facilitated the exit of Amp dormants
(Figure 3, purple filled circles). It is likely, therefore, that: (i) RecA inactivation, which impairs the SOS
response, does not significantly increase the number of Amp or toxin survivors; (ii) recA inactivation
reduces toxin or Amp persistence, suggesting that Amp-induced hydroxyl radicals accumulation is
not significantly deleterious when compared to the recA control without Amp and IPTG (Figure 3,
orange filled squares and blue empty rhombs vs. grey filled triangles); and (iii) recA does not induce
an apoptotic phenotype upon Amp treatment, and recA inactivation does not sensitize cells to both
toxin ζ and Amp action.

3. Conclusions

This study provides new insights that allow us to unravel the mechanisms underlying the mode of
action of the toxin ζ dormancy and indirectly of toxin and Amp dormants. Transient toxin ζ expression,
at or near physiological concentrations, induces a slow-growth dormant state, and a small fraction
of cells (persisters) is insensitive to the toxin action in rec+ and recA backgrounds. Toxin ζ-induced
dormant cells can be infected with the lytic phage SPP1 with a similar efficiency as exponentially
growing cells, but the amplification cycle is halted. Neutralization of the toxin, by inducing antitoxin
expression, allows dormant cells to exit this state and this allows phage amplification. It is likely that
toxin dormants are metabolically active rather than in a growth-arrested state.
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Amp action kills ~99% of susceptible cells, but stochastic Amp persisters (frequency of 1–0.5 × 10−2)
can form colonies upon removal of the antibiotic. Toxin survivors are significantly rare (~3 × 10−5),
and in the presence of Amp the proportion of bacterial Amp and toxin survivors was further reduced
(by 100–200-fold), suggesting a non-epistatic effect. To further evaluate the viable but non-culturable
state hypothesis, we inactivated recA. In E. coli cells, recA contributes to apoptotic cell death in
Amp treated cells [64], but the proportion of Amp persisters was not affected in the absence of
recA [5]. In B. subtilis cells, toxin ζ and Amp persistence are not significantly affected in recA cells when
compared to rec+ control, and transient antitoxin ε expression is necessary and sufficient to switch off

toxin-induced dormancy, and to awake the fraction of toxin-facilitated Amp-induced persisters both in
the rec+ and recA cells. We propose that in exponentially growing cells, two different subpopulations
of Amp persisters are found, stochastic and toxin-induced dormancy, that also induce long term
Amp dormancy.

4. Materials and Methods

4.1. Bacterial Strains and Plasmids

The bacterial strains and plasmids used in this study are listed in Table 1. All B. subtilis strains
are isogenic with BG214. The strain BG1125 bearing lacI-Phsp wtζ and pCB799-borne xylR-PxylA wtε
ermC cat cassette were previously reported (Table 1) [38]. The BG1885 strain was constructed in three
steps. First, by site-directed mutagenesis (QuickChange Kit, Stratagene) using pCB799 as a template,
the ermC gene was inactivated to render pCB1226. Second, the lacI-Phsp wtζ cassette was mobilized into
BG214 cells bearing pCB1226-borne xylR-PxylA wtε cat cassette with selection for CmR. Third, the null
recA::Erm gene was mobilized by chromosomal transformation into competent BG214 (pCB1226) cells
with selection for ErmR (Table 1). Integration by double crossover was analyzed by PCR.

Toxin ζ gene expression (transcribed from Phsp) is regulated by IPTG (Calbiochem, Madrid, Spain)
addition and the expression of ε gene (transcribed from PxylA) is regulated by Xyl (Sigma-Aldrich,
St. Louis, MO, USA) addition [38].

4.2. Growth Conditions

BG1125 (pCB799) and BG1125 (pCB1226) cells were grown to a mid-exponential phase (OD560 = 0.2)
in S7 medium supplemented with methionine, tryptophan, and 0.005% Xyl at 37 ◦C with shaking [43].
Under this condition, cells grew in S7 medium, with a doubling time of 50–60 min. Transient toxin
and/or antitoxin expression was induced by IPTG (2 mM) and/or Xyl (0.5%) addition. Before plating,
cells were centrifuged and resuspended in the fresh LB medium to remove the inductor or the antibiotic,
and dilutions were plated on LB agar plates. The survival rate was derived from the number of CFUs
in a given condition relative to the CFU of the non-induced/non-antibiotic-treated control. All plates
were incubated for 20 h at 37 ◦C.

The lytic SPP1 phage was used to test the toxin effect. BG1125 bearing lacI-Phsp wtζ and
pCB799-borne xylR-PxylA wtε gene were grown to a mid-exponential phase at 37 ◦C in S7 medium,
supplemented with methionine, tryptophan, 0.005% Xyl, and 10 mM MgCl2. Toxin expression was
induced by adding IPTG 2mM and after 15 min cells were infected with phage SPP1 at a multiplicity
of infection (moi) of 1 in the presence or absence of IPTG. After 5 min, cells were centrifuged to remove
unabsorbed phages and resuspended in S7 medium with 10 mM MgCl2 (0 min) and the culture was
incubated for 60 or 120 min. The inducers were removed by washing, and the phage titer (PFUs) was
calculated by plating the appropriate dilution deposited in a lawn of exponentially growing BG214
cells onto LB plates supplemented with 10 mM MgCl2 (LB-Mg) to measure PFUs as described [72].
The plates were then incubated for 18–20 h at 37 ◦C.

The MIC for Amp (Sigma-Aldrich, St. Louis, MO, USA) was estimated by exposing 1–3 × 106 cells
mL−1 (16 h, 37 ◦C) in the minimal S7 medium, with an increasing Amp concentration under shaking
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(240 rpm). The minimal concentration that gave no growth overnight (1.5 µg mL−1) was defined as
MIC. The Amp concentration used was twice the MIC (2×MIC) or 3 µg mL−1.

Supplementary Materials: The following data are available online at http://www.mdpi.com/2072-6651/12/12/801/
s1, Figure S1: Graphic illustration of the distinct responses that may occur after Amp and toxin ζ action, Figure S2.
Growth curves of BG1127 (pCB799) and BG1125 (pCB799) strains in the presence or absence of IPTG, Figure S3.
BG1125 (pCB799) in the presence or the absence of IPTG.

Author Contributions: M.M.-d.Á. and J.C.A. designed the experiments; M.M.-d.Á. and C.M. performed the
experiments, J.C.A. coordinated the research; M.M.-d.Á. and J.C.A. interpreted the data; M.M.-d.Á., C.M. and
J.C.A. drafted the manuscript; and J.C.A. wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Spanish Ministerio de Ciencia e Innovación/Agencia Estatal de
Investigación (MCI/AEI)/FEDER, EU) PGC2018-097054-B-I00 to J.C.A.

Acknowledgments: We thank Silvia Ayora and Rubén Torres for critical reading and comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. 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]

2. Hobby, G.L.; Meyer, K.; Chaffee, E. Observations on the mechanism of action of penicillin. Proc. Soc. Exp.
Biol. Med. 1942, 50, 281–285. [CrossRef]

3. Bigger, J.W. Treatment of staphylococcal infections with penicillin. Lancet 1944, 244, 497–500. [CrossRef]
4. Johnson, P.J.; Levin, B.R. Pharmacodynamics, population dynamics, and the evolution of persistence in

Staphylococcus aureus. PLoS Genet. 2013, 9, e1003123. [CrossRef]
5. Dörr, T.; Lewis, K.; Vulic, M. SOS response induces persistence to fluoroquinolones in Escherichia coli.

PLoS Genet. 2009, 5, e1000760. [CrossRef]
6. Wu, Y.; Vulic, M.; Keren, I.; Lewis, K. Role of oxidative stress in persister tolerance. Antimicrob. Agents

Chemother. 2012, 56, 4922–4926. [CrossRef]
7. Korch, S.B.; Henderson, T.A.; Hill, T.M. Characterization of the hipA7 allele of Escherichia coli and evidence

that high persistence is governed by (p)ppGpp synthesis. Mol. Microbiol. 2003, 50, 1199–1213. [CrossRef]
8. Nguyen, D.; Joshi-Datar, A.; Lepine, F.; Bauerle, E.; Olakanmi, O.; Beer, K.; McKay, G.; Siehnel, R.;

Schafhauser, J.; Wang, Y.; et al. Active starvation responses mediate antibiotic tolerance in biofilms and
nutrient-limited bacteria. Science 2011, 334, 982–986. [CrossRef]

9. Amato, S.M.; Orman, M.A.; Brynildsen, M.P. Metabolic control of persister formation in Escherichia coli.
Mol. Cell 2013, 50, 475–487. [CrossRef]

10. Tabone, M.; Lioy, V.S.; Ayora, S.; Machon, C.; Alonso, J.C. Role of toxin ζ and starvation responses in the
sensitivity to antimicrobials. PLoS ONE 2014, 9, e86615. [CrossRef]

11. Conlon, B.P.; Rowe, S.E.; Gandt, A.B.; Nuxoll, A.S.; Donegan, N.P.; Zalis, E.A.; Clair, G.; Adkins, J.N.;
Cheung, A.L.; Lewis, K. Persister formation in Staphylococcus aureus is associated with ATP depletion.
Nat. Microbiol. 2016, 1, 16051. [CrossRef]

12. Fung, D.K.; Barra, J.T.; Schroeder, J.W.; Ying, D.; Wang, J.D. A shared alarmone-GTP switch underlies
triggered and spontaneous persistence. bioRxiv 2020. [CrossRef]

13. Nanamiya, H.; Kasai, K.; Nozawa, A.; Yun, C.S.; Narisawa, T.; Murakami, K.; Natori, Y.; Kawamura, F.;
Tozawa, Y. Identification and functional analysis of novel (p)ppGpp synthetase genes in Bacillus subtilis.
Mol. Microbiol. 2008, 67, 291–304. [CrossRef]

14. Kriel, A.; Brinsmade, S.R.; Tse, J.L.; Tehranchi, A.K.; Bittner, A.N.; Sonenshein, A.L.; Wang, J.D. GTP
dysregulation in Bacillus subtilis cells lacking (p)ppGpp results in phenotypic amino acid auxotrophy and
failure to adapt to nutrient downshift and regulate biosynthesis genes. J. Bacteriol. 2014, 196, 189–201.
[CrossRef]

http://www.mdpi.com/2072-6651/12/12/801/s1
http://www.mdpi.com/2072-6651/12/12/801/s1
http://dx.doi.org/10.1038/s41579-019-0196-3
http://dx.doi.org/10.3181/00379727-50-13773
http://dx.doi.org/10.1016/S0140-6736(00)74210-3
http://dx.doi.org/10.1371/journal.pgen.1003123
http://dx.doi.org/10.1371/journal.pgen.1000760
http://dx.doi.org/10.1128/AAC.00921-12
http://dx.doi.org/10.1046/j.1365-2958.2003.03779.x
http://dx.doi.org/10.1126/science.1211037
http://dx.doi.org/10.1016/j.molcel.2013.04.002
http://dx.doi.org/10.1371/journal.pone.0086615
http://dx.doi.org/10.1038/nmicrobiol.2016.51
http://dx.doi.org/10.1101/2020.03.22.002139
http://dx.doi.org/10.1111/j.1365-2958.2007.06018.x
http://dx.doi.org/10.1128/JB.00918-13


Toxins 2020, 12, 801 15 of 17

15. Moreno-Del Alamo, M.; Tabone, M.; Lioy, V.S.; Alonso, J.C. Toxin ζ triggers a survival response to cope with
stress and persistence. Front. Microbiol. 2017, 8, 1130. [CrossRef]

16. Libby, E.A.; Reuveni, S.; Dworkin, J. Multisite phosphorylation drives phenotypic variation in (p)ppGpp
synthetase-dependent antibiotic tolerance. Nat. Commun. 2019, 10, 5133. [CrossRef]

17. Eiamphungporn, W.; Helmann, J.D. The Bacillus subtilis σM regulon and its contribution to cell envelope
stress responses. Mol. Microbiol. 2008, 67, 830–848. [CrossRef]

18. Gerdes, K.; Maisonneuve, E. Bacterial persistence and toxin-antitoxin loci. Annu. Rev. Microbiol. 2012, 66,
103–123. [CrossRef]

19. Page, R.; Peti, W. Toxin-antitoxin systems in bacterial growth arrest and persistence. Nat. Chem. Biol. 2016,
12, 208–214. [CrossRef]

20. Yamaguchi, Y.; Inouye, M. Regulation of growth and death in Escherichia coli by toxin-antitoxin systems.
Nat. Rev. Microbiol. 2011, 9, 779–790. [CrossRef]

21. Diaz-Orejas, R.; Espinosa, M.; Yeo, C.C. The Importance of the expendable: Toxin-antitoxin genes in plasmids
and chromosomes. Front. Microbiol. 2017, 8, 1479. [CrossRef]

22. Ogura, T.; Hiraga, S. Mini-F plasmid genes that couple host cell division to plasmid proliferation. Proc. Natl.
Acad. Sci. USA 1983, 80, 4784–4788. [CrossRef]

23. Fraikin, N.; Goormaghtigh, F.; Van Melderen, L. Type II toxin-antitoxin systems: Evolution and revolutions.
J. Bacteriol. 2020, 202, e00763-19. [CrossRef]

24. Alonso, J.C.; Balsa, D.; Cherny, I.; Christensen, S.K.; Espinosa, S.; Francuski, D.; Gazit, E.; Gerdes, K.;
Hitchin, E.; Martín, M.T.; et al. Bacterial Toxin-Antitoxin Systems as Targets for the Development of Novel
Antibiotics; ASM Press: Washington, DC, USA, 2007; pp. 313–329.

25. 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]

26. Bokinsky, G.; Baidoo, E.E.; Akella, S.; Burd, H.; Weaver, D.; Alonso-Gutierrez, J.; Garcia-Martin, H.; Lee, T.S.;
Keasling, J.D. HipA-triggered growth arrest and β-Lactam tolerance in Escherichia coli are mediated by
RelA-dependent ppGpp synthesis. J. Bacteriol. 2013, 195, 3173–3182. [CrossRef]

27. Germain, E.; Castro-Roa, D.; Zenkin, N.; Gerdes, K. Molecular mechanism of bacterial persistence by HipA.
Mol. Cell 2013, 52, 248–254. [CrossRef]

28. Kaspy, I.; Rotem, E.; Weiss, N.; Ronin, I.; Balaban, N.Q.; Glaser, G. HipA-mediated antibiotic persistence via
phosphorylation of the glutamyl-tRNA-synthetase. Nat. Commun. 2013, 4, 3001. [CrossRef]

29. Vogwill, T.; Comfort, A.C.; Furio, V.; MacLean, R.C. Persistence and resistance as complementary bacterial
adaptations to antibiotics. J. Evol. Biol. 2016, 29, 1223–1233. [CrossRef]

30. Ramisetty, B.C.; Ghosh, D.; Roy Chowdhury, M.; Santhosh, R.S. what is the link between stringent response,
endoribonuclease encoding type II toxin-antitoxin systems and persistence? Front. Microbiol. 2016, 7, 1882.
[CrossRef]

31. Goormaghtigh, F.; Fraikin, N.; Putrins, M.; Hallaert, T.; Hauryliuk, V.; Garcia-Pino, A.; Sjodin, A.; Kasvandik, S.;
Udekwu, K.; Tenson, T.; et al. Reassessing the role of type II toxin-antitoxin systems in formation of Escherichia
coli type II persister cells. MBio 2018, 9, e00640-18. [CrossRef]

32. Khoo, S.K.; Loll, B.; Chan, W.T.; Shoeman, R.L.; Ngoo, L.; Yeo, C.C.; Meinhart, A. Molecular and
structural characterization of the PezAT chromosomal toxin-antitoxin system of the human pathogen
Streptococcus pneumoniae. J. Biol. Chem. 2007, 282, 19606–19618. [CrossRef]

33. Meinhart, A.; Alonso, J.C.; Strater, N.; Saenger, W. Crystal structure of the plasmid maintenance system ε/ζ:
Functional mechanism of toxin ζ and inactivation by ε2ζ2 complex formation. Proc. Natl. Acad. Sci. USA
2003, 100, 1661–1666. [CrossRef]

34. Mutschler, H.; Gebhardt, M.; Shoeman, R.L.; Meinhart, A. A novel mechanism of programmed cell death in
bacteria by toxin-antitoxin systems corrupts peptidoglycan synthesis. PLoS Biol. 2011, 9, e1001033. [CrossRef]

35. Meinhart, A.; Alings, C.; Strater, N.; Camacho, A.G.; Alonso, J.C.; Saenger, W. Crystallization and preliminary
X-ray diffraction studies of the εζ addiction system encoded by Streptococcus pyogenes plasmid pSM19035.
Acta Cryst. D Biol. Cryst. 2001, 57, 745–747. [CrossRef]

36. Moreno-Del Alamo, M.; Tabone, M.; Munoz-Martinez, J.; Valverde, J.R.; Alonso, J.C. Toxin ζ reduces the ATP
and modulates the uridine diphosphate-N-acetylglucosamine pool. Toxins 2019, 11, 29. [CrossRef]

http://dx.doi.org/10.3389/fmicb.2017.01130
http://dx.doi.org/10.1038/s41467-019-13127-z
http://dx.doi.org/10.1111/j.1365-2958.2007.06090.x
http://dx.doi.org/10.1146/annurev-micro-092611-150159
http://dx.doi.org/10.1038/nchembio.2044
http://dx.doi.org/10.1038/nrmicro2651
http://dx.doi.org/10.3389/fmicb.2017.01479
http://dx.doi.org/10.1073/pnas.80.15.4784
http://dx.doi.org/10.1128/JB.00763-19
http://dx.doi.org/10.1128/JB.155.2.768-775.1983
http://dx.doi.org/10.1128/JB.02210-12
http://dx.doi.org/10.1016/j.molcel.2013.08.045
http://dx.doi.org/10.1038/ncomms4001
http://dx.doi.org/10.1111/jeb.12864
http://dx.doi.org/10.3389/fmicb.2016.01882
http://dx.doi.org/10.1128/mBio.00640-18
http://dx.doi.org/10.1074/jbc.M701703200
http://dx.doi.org/10.1073/pnas.0434325100
http://dx.doi.org/10.1371/journal.pbio.1001033
http://dx.doi.org/10.1107/S0907444901004176
http://dx.doi.org/10.3390/toxins11010029


Toxins 2020, 12, 801 16 of 17

37. Tabone, M.; Ayora, S.; Alonso, J.C. Toxin ζ reversible induces dormancy and reduces the
UDP-N-acetylglucosamine pool as one of the protective responses to cope with stress. Toxins 2014, 6,
2787–2803. [CrossRef]

38. Lioy, V.S.; Machon, C.; Tabone, M.; Gonzalez-Pastor, J.E.; Daugelavicius, R.; Ayora, S.; Alonso, J.C. The ζ
toxin induces a set of protective responses and dormancy. PLoS ONE 2012, 7, e30282. [CrossRef]

39. Krasny, L.; Gourse, R.L. An alternative strategy for bacterial ribosome synthesis: Bacillus subtilis rRNA
transcription regulation. EMBO J. 2004, 23, 4473–4483. [CrossRef]

40. Kriel, A.; Bittner, A.N.; Kim, S.H.; Liu, K.; Tehranchi, A.K.; Zou, W.Y.; Rendon, S.; Chen, R.; Tu, B.P.; Wang, J.D.
Direct regulation of GTP homeostasis by (p)ppGpp: A critical component of viability and stress resistance.
Mol. Cell 2012, 48, 231–241. [CrossRef]

41. Eymann, C.; Homuth, G.; Scharf, C.; Hecker, M. Bacillus subtilis functional genomics: Global characterization
of the stringent response by proteome and transcriptome analysis. J. Bacteriol. 2002, 184, 2500–2520.
[CrossRef]

42. Lioy, V.S.; Rey, O.; Balsa, D.; Pellicer, T.; Alonso, J.C. A toxin-antitoxin module as a target for antimicrobial
development. Plasmid 2010, 63, 31–39. [CrossRef]

43. Lioy, V.S.; Martin, M.T.; Camacho, A.G.; Lurz, R.; Antelmann, H.; Hecker, M.; Hitchin, E.; Ridge, Y.;
Wells, J.M.; Alonso, J.C. pSM19035-encoded ζ toxin induces stasis followed by death in a subpopulation of
cells. Microbiology 2006, 152, 2365–2379. [CrossRef]

44. McKeegan, K.S.; Borges-Walmsley, M.I.; Walmsley, A.R. Microbial and viral drug resistance mechanisms.
Trends Microbiol. 2002, 10, S8–S14. [CrossRef]

45. Brauner, A.; Fridman, O.; Gefen, O.; Balaban, N.Q. Distinguishing between resistance, tolerance and
persistence to antibiotic treatment. Nat. Rev. Microbiol. 2016, 14, 320–330. [CrossRef]

46. Camacho, A.G.; Misselwitz, R.; Behlke, J.; Ayora, S.; Welfle, K.; Meinhart, A.; Lara, B.; Saenger, W.;
Welfle, H.; Alonso, J.C. In vitro and in vivo stability of the ε2ζ2 protein complex of the broad host-range
Streptococcus pyogenes pSM19035 addiction system. Biol. Chem. 2002, 383, 1701–1713. [CrossRef]

47. Ayrapetyan, M.; Williams, T.C.; Oliver, J.D. Bridging the gap between viable but non-culturable and antibiotic
persistent bacteria. Trends Microbiol. 2015, 23, 7–13. [CrossRef]

48. LeRoux, M.; Culviner, P.H.; Liu, Y.J.; Littlehale, M.L.; Laub, M.T. Stress can induce transcription of
toxin-antitoxin systems without activating toxin. Mol. Cell 2020, 79, 280–292e288. [CrossRef]

49. Rosendahl, S.; Tammana, H.; Brauera, A.; Remma, M.; Hõraka, R. Pseudomonas putida chromosomal
toxin-antitoxin systems carry neither clear fitness benefits nor big costs. bioRxiv 2020. [CrossRef]

50. Dy, R.L.; Przybilski, R.; Semeijn, K.; Salmond, G.P.; Fineran, P.C. A widespread bacteriophage abortive
infection system functions through a Type IV toxin-antitoxin mechanism. Nucleic Acids Res. 2014, 42,
4590–4605. [CrossRef]

51. Hazan, R.; Engelberg-Kulka, H. Escherichia coli mazEF-mediated cell death as a defense mechanism that
inhibits the spread of phage P1. Mol. Genet. Genom. 2004, 272, 227–234. [CrossRef]

52. Pearl, S.; Gabay, C.; Kishony, R.; Oppenheim, A.; Balaban, N.Q. Nongenetic individuality in the host-phage
interaction. PLoS Biol. 2008, 6, e120. [CrossRef]

53. Alawneh, A.M.; Qi, D.; Yonesaki, T.; Otsuka, Y. An ADP-ribosyltransferase Alt of bacteriophage T4 negatively
regulates the Escherichia coli MazF toxin of a toxin-antitoxin module. Mol. Microbiol. 2016, 99, 188–198.
[CrossRef]

54. Lyzen, R.; Kochanowska, M.; Wegrzyn, G.; Szalewska-Palasz, A. Transcription from bacteriophage lambda
PR promoter is regulated independently and antagonistically by DksA and ppGpp. Nucleic Acids Res. 2009,
37, 6655–6664. [CrossRef]

55. Koga, M.; Otsuka, Y.; Lemire, S.; Yonesaki, T. Escherichia coli rnlA and rnlB compose a novel toxin-antitoxin
system. Genetics 2011, 187, 123–130. [CrossRef]

56. Pane-Farre, J.; Quin, M.B.; Lewis, R.J.; Marles-Wright, J. Structure and function of the stressosome signalling
hub. Subcell Biochem. 2017, 83, 1–41. [CrossRef]

57. Tuomanen, E.; Cozens, R.; Tosch, W.; Zak, O.; Tomasz, A. The rate of killing of Escherichia coli by β-lactam
antibiotics is strictly proportional to the rate of bacterial growth. J. Gen. Microbiol. 1986, 132, 1297–1304.
[CrossRef]

58. Cohen, N.R.; Lobritz, M.A.; Collins, J.J. Microbial persistence and the road to drug resistance. Cell Host
Microbe 2013, 13, 632–642. [CrossRef]

http://dx.doi.org/10.3390/toxins6092787
http://dx.doi.org/10.1371/journal.pone.0030282
http://dx.doi.org/10.1038/sj.emboj.7600423
http://dx.doi.org/10.1016/j.molcel.2012.08.009
http://dx.doi.org/10.1128/JB.184.9.2500-2520.2002
http://dx.doi.org/10.1016/j.plasmid.2009.09.005
http://dx.doi.org/10.1099/mic.0.28950-0
http://dx.doi.org/10.1016/S0966-842X(02)02429-0
http://dx.doi.org/10.1038/nrmicro.2016.34
http://dx.doi.org/10.1515/BC.2002.191
http://dx.doi.org/10.1016/j.tim.2014.09.004
http://dx.doi.org/10.1016/j.molcel.2020.05.028
http://dx.doi.org/10.1101/2020.03.18.996504
http://dx.doi.org/10.1093/nar/gkt1419
http://dx.doi.org/10.1007/s00438-004-1048-y
http://dx.doi.org/10.1371/journal.pbio.0060120
http://dx.doi.org/10.1111/mmi.13225
http://dx.doi.org/10.1093/nar/gkp676
http://dx.doi.org/10.1534/genetics.110.121798
http://dx.doi.org/10.1007/978-3-319-46503-6_1
http://dx.doi.org/10.1099/00221287-132-5-1297
http://dx.doi.org/10.1016/j.chom.2013.05.009


Toxins 2020, 12, 801 17 of 17

59. Balaban, N.Q.; Merrin, J.; Chait, R.; Kowalik, L.; Leibler, S. Bacterial persistence as a phenotypic switch.
Science 2004, 305, 1622–1625. [CrossRef]

60. Amitai, S.; Yassin, Y.; Engelberg-Kulka, H. MazF-mediated cell death in Escherichia coli: A point of no return.
J. Bacteriol. 2004, 186, 8295–8300. [CrossRef]

61. Franch, T.; Gerdes, K. Programmed cell death in bacteria: Translational repression by mRNA end-pairing.
Mol. Microbiol. 1996, 21, 1049–1060. [CrossRef]

62. Levin, B.R.; Rozen, D.E. Non-inherited antibiotic resistance. Nat. Rev. Microbiol. 2006, 4, 556–562. [CrossRef]
63. Dörr, T.; Vulic, M.; Lewis, K. Ciprofloxacin causes persister formation by inducing the TisB toxin in

Escherichia coli. PLoS Biol. 2010, 8, e1000317. [CrossRef]
64. Kohanski, M.A.; Dwyer, D.J.; Hayete, B.; Lawrence, C.A.; Collins, J.J. A common mechanism of cellular death

induced by bactericidal antibiotics. Cell 2007, 130, 797–810. [CrossRef]
65. Dwyer, D.J.; Camacho, D.M.; Kohanski, M.A.; Callura, J.M.; Collins, J.J. Antibiotic-induced bacterial cell

death exhibits physiological and biochemical hallmarks of apoptosis. Mol. Cell 2012, 46, 561–572. [CrossRef]
66. Cui, P.; Niu, H.; Shi, W.; Zhang, S.; Zhang, W.; Zhang, Y. Identification of genes involved in bacteriostatic

antibiotic-induced persister formation. Front. Microbiol. 2018, 9, 413. [CrossRef]
67. Ayora, S.; Carrasco, B.; Cardenas, P.P.; Cesar, C.E.; Canas, C.; Yadav, T.; Marchisone, C.; Alonso, J.C.

Double-strand break repair in bacteria: A view from Bacillus subtilis. FEMS Microbiol. Rev. 2011, 35,
1055–1081. [CrossRef]

68. Kowalczykowski, S.C. An overview of the molecular mechanisms of recombinational DNA repair. Cold Spring
Harb. Perspect. Biol. 2015, 7, a016410. [CrossRef]

69. Simmons, L.A.; Goranov, A.I.; Kobayashi, H.; Davies, B.W.; Yuan, D.S.; Grossman, A.D.; Walker, G.C.
Comparison of responses to double-strand breaks between Escherichia coli and Bacillus subtilis reveals different
requirements for SOS induction. J. Bacteriol. 2009, 191, 1152–1161. [CrossRef]

70. Arjes, H.A.; Kriel, A.; Sorto, N.A.; Shaw, J.T.; Wang, J.D.; Levin, P.A. Failsafe mechanisms couple division
and DNA replication in bacteria. Curr. Biol. 2014, 24, 2149–2155. [CrossRef]

71. Sanchez, H.; Kidane, D.; Reed, P.; Curtis, F.A.; Cozar, M.C.; Graumann, P.L.; Sharples, G.J.; Alonso, J.C.
The RuvAB branch migration translocase and RecU Holliday junction resolvase are required for
double-stranded DNA break repair in Bacillus subtilis. Genetics 2005, 171, 873–883. [CrossRef]

72. Valero-Rello, A.; Lopez-Sanz, M.; Quevedo-Olmos, A.; Sorokin, A.; Ayora, S. Molecular mechanisms that
contribute to horizontal transfer of plasmids by the bacteriophage SPP1. Front. Microbiol. 2017, 8, 1816.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.1099390
http://dx.doi.org/10.1128/JB.186.24.8295-8300.2004
http://dx.doi.org/10.1046/j.1365-2958.1996.771431.x
http://dx.doi.org/10.1038/nrmicro1445
http://dx.doi.org/10.1371/journal.pbio.1000317
http://dx.doi.org/10.1016/j.cell.2007.06.049
http://dx.doi.org/10.1016/j.molcel.2012.04.027
http://dx.doi.org/10.3389/fmicb.2018.00413
http://dx.doi.org/10.1111/j.1574-6976.2011.00272.x
http://dx.doi.org/10.1101/cshperspect.a016410
http://dx.doi.org/10.1128/JB.01292-08
http://dx.doi.org/10.1016/j.cub.2014.07.055
http://dx.doi.org/10.1534/genetics.105.045906
http://dx.doi.org/10.3389/fmicb.2017.01816
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Experimental Rationale 
	Toxin  Induces a Slow-Growth Active State 
	Discrete Subpopulations of Toxin  Survivors and Amp Persisters 
	Transient Toxin  Expression and Amp Addition Reduce the Subpopulation of Persisters 
	Transient Antitoxin  Expression Reverses -Facilitated Exit of Amp Dormants 
	Toxin  Expression Induces Amp Dormancy in Non-Growing Cells 
	RecA Inactivation Does not Alter the Antitoxin Awake of Toxin and Amp Dormants 

	Conclusions 
	Materials and Methods 
	Bacterial Strains and Plasmids 
	Growth Conditions 

	References

