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A B S T R A C T

Over the years, much attention has been drawn to antibiotic resistance bacteria, but drug inefficacy caused by a subgroup of special phenotypic variants – persisters –
has been largely neglected in both scientific and clinical field. Interestingly, this subgroup of phenotypic variants displayed their power of withstanding sufficient
antibiotics exposure in a mechanism different from antibiotic resistance. In this review, we summarized the clinical importance of bacterial persisters, the evolutionary
link between resistance, tolerance, and persistence, redundant mechanisms of persister formation as well as methods of studying persister cells. In the light of our
recent findings of membrane-less organelle aggresome and its important roles in regulating bacterial dormancy depth, we propose an alternative approach for anti-
persister therapy. That is, to force a persister into a deeper dormancy state to become a VBNC (viable but non-culturable) cell that is incapable of regrowth. We hope to
provide the latest insights on persister studies and call upon more research interest into this field.
1. Introduction

The introduction of antibiotics into clinical use was inarguably one of
the greatest medical breakthroughs of the 20th century. Fascinating as
they are, overuse and misuse of these medications caused an antibiotic
resistance crisis, threatening our ability to treat common infectious dis-
ease. Over the years, much attention has been drawn to resistance caused
by gene mutations, but drug inefficacy caused by a subgroup of special
phenotypic variants has been largely neglected.

This subgroup of phenotypic variants is called “Persisters”, repre-
senting their power of withstanding sufficient antibiotics exposure.When
exposing an isogenic cell culture to antibiotics, bulk cells are rapidly
killed, but the small subgroup of persisters can survive antibiotic chal-
lenge and resuscitate after antibiotic removal (Bigger, 1944). Indeed, the
hallmark of antibiotic persistence is illustrated by the biphasic killing
curve during antibiotic exposures. In this curve, persisters correspond to
the significantly slower killing phase after the bulk of the bacterial
population is eliminated during the first phase of rapid killing. Usually,
the tolerance of persisters is seen as rooted in a dormant physiological
state in which the targets of antibiotic drugs are inactive and thus cannot
be poisoned or corrupted by the drug treatment, enabling bacterial sur-
vival (Harms et al., 2016; Lewis, 2010; Wood et al., 2013).

Persisters were first described by Joseph Bigger in 1944 when he
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investigated the action of penicillin on Staphylococcus pyogenes, a human
specific bacterial pathogen causing a broad range of symptoms. However,
it took a long time for the importance of this transient phenotype to be
recognized, and this recognition is still a work in progress. Consequently,
and not surprisingly, the study of antibiotic persistence has been in a slow
pace.
1.1. Clinical importance of bacterial persisters

Chronic and relapsing infections are often associated with genetically
susceptible bacteria that survive even massive and long-lasting antibiotic
treatment (Fauvart et al., 2011; Levin& Rozen, 2006). This phenomenon
is commonly linked to the formation of specialized “persister” cells.
Antibiotics do not kill persisters that survive to live another day, fueling
chronic and relapsing infections.

Incomplete eradication of tuberculosis during medical treatment al-
lows pathogens to remain in the patients. This remaining bacterial pop-
ulation can result in refractory tuberculosis (Davies, 2001), where
genetic mutation-conferred drug resistance may play a part, but bacterial
persistence is believed to be the primary cause (Wayne, 1994). Many
persisters are found in a microenvironment known as a granuloma
(Davies, 2001; Honer Zu Bentrup & Russell, 2001), which creates diffi-
cult conditions such as high oxidative stress, low pH, and limited
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nutrients that induce persister formation (Davies, 2001; Honer Zu
Bentrup & Russell, 2001; Marakalala et al., 2016; Mok et al., 2015;
Rubin, 2009). M. tuberculosis cells cease to grow upon encountering this
stressful environment, resulting in a non-replicating state that shields
them from eradication by antibiotics (Voskuil et al., 2003). The per-
centage of persister cells can be as high as 1% of the wholeM. tuberculosis
population (Keren et al., 2011), highlighting the significant role of per-
sisters in drug tolerance.

Salmonella typhimurium, a pathogen that causes systemic and enteric
infections, shares similarities with M. tuberculosis in terms of the signif-
icance of non-heritable persistence in disease progression. The bacteria
reside in professional phagocytes, particularly in macrophage cells, and
can be tolerant to adverse conditions such as antibiotic treatment (LaR-
ock et al., 2015; Monack et al., 2004; Rivera-Chavez & Baumler, 2015;
Wain et al., 2015). Recent fluorescent single-cell analysis revealed
S. typhimurium persisters could form non-replicating cells, which may
serve as a reservoir for relapsing infection (Helaine et al., 2014). Some
toxins, including sehA, relE-5, relE and vapC, are highly expressed in the
cause of S. typhimurium infection of macrophages (Silva-Herzog et al.,
2015). The S. typhimurium persisters may be capable of tolerating host
environment stress and escaping the antibiotic's killing effects (Helaine&
Holden, 2013; Helaine et al., 2014; Silva-Herzog et al., 2015).

Staphylococcus aureus is a pathogenic bacterium that causes infections
in hospitals and communities, including wounds, endovascular, and bone
infections (Conlon, 2014; Malani, 2013). These chronic infections have a
high rate of relapse due to S. aureus's ability to adapt to the microenvi-
ronment (Conlon, 2014; Trouillet-Assant et al., 2016). S. aureus can form
persister cells that help it survive the stressful environment during
human infection (Trouillet-Assant et al., 2016), which may explain the
need for long-term antibiotic treatment to eradicate the infection (Con-
lon, 2014).

Aside from M. tuberculosis, S. typhimurium, and S. aureus, many other
pathogenic bacteria can cause chronic infections that are difficult to
treat, such as brucellosis (Ahmed et al., 2016; von Bargen et al., 2012),
lung infections caused by Pseudomonas aeruginosa in cystic fibrosis pa-
tients (Hazan et al., 2014; Mulcahy et al., 2010), melioidosis caused by
Burkholderia pseudomallei (Butt et al., 2014; Nierman et al., 2015), and
urinary tract infections by uropathogenic Escherichia coli (Niu et al.,
2015; Norton & Mulvey, 2012).

1.2. Evolutionary link between resistance, tolerance, and persistence

One reason for the slow pace of persister studies is perhaps that sci-
entific and public attention was more drawn to the crisis of antibiotic
resistance. “Antibiotic resistance” is the genetically inherited ability of
bacteria to reproduce consecutively in the presence of a certain type of
antibiotic. The gold standard for measuring the level of antibiotic resis-
tance is the Minimum Inhibitory Concentration (MIC), which indicates
the minimum antibiotic concentration needed to prevent visible growth
of bacteria. Higher resistance corresponds to a higher MIC. Resistance
can be acquired through horizontal transfer of resistance gene elements
between different strains (Du et al., 2018; Jacoby, 2009) or de novo
mutations (Blair et al., 2015).

“Antibiotic persistence” enables a subpopulation of phenotypic vari-
ants to survive a bactericidal antibiotic treatment. Different from anti-
biotic resistance, persistence phenotype is not heritable. Persistent cells
sub-cultured in fresh medium will demonstrate the same antibiotic sus-
ceptibility as the initial population, that is, only a subgroup of the pop-
ulation will exhibit the persistent phenotype. Furthermore, the level of
persistence is independent of MIC, as persisters can tolerate antibiotic
concentrations that far exceeds the MIC. The hallmark of persistence is
the observation of biphasic killing curve during antibiotic exposure, in
which the persister subset is represented by the second slow killing
phase. The formation of persisters can occur as stochastic phenotypic
switch, or triggered by stress, such as starvation or ROS exposure.

Apart from antibiotic resistance and persistence, Balaban et al.
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classified a third type of cells that can endure antibiotic killing, termed
“antibiotic tolerance,” a transient ability to endure high concentrations
antibiotic treatment because of long lag phase (Fig. 1) (Balaban et al.,
2019; Brauner et al., 2016). The phenotype of tolerance is like persis-
tence. However, tolerance phenotype is for the entire population and is
often caused by mutations that disturbs cell growth. The killing process is
significantly arrested without a change in MIC due to slow growth rate of
tolerant strains. The method of the Minimum Duration of Killing 99% of
the bacterial population (MDK99) is introduced to measure antibiotic
killing rate of tolerant strains (Fridman et al., 2014).

Most experiments on the evolution of resistance have involved
exposing bacterial strains to gradually increasing doses of antibiotics,
starting from a sub-MIC level and reaching high MIC levels through the
accumulation of resistant mutations over time, as demonstrated by
studies conducted by Sun et al. (2009), Toprak et al. (2012), and Baym
et al. (2016). However, the pharmacokinetics of many antibiotics in
patients often involve intermittent, rather than constant, concentrations.
Therefore, understanding the evolution of resistance under intermittent
antibiotic exposures is of great interest, as pointed out by Moreillon et al.
(1988). When bacteria are exposed to antibiotics intermittently, the most
favorable evolutionary outcome is the emergence of a highly tolerant
population with extended lag time. This is because cells that remain in
the lag phase during each duration of antibiotic exposure are more likely
to survive, as demonstrated by studies conducted by Levin-Reisman et al.
(2010) and Fridman et al. (2014).

In clinical settings, higher concentrations of antibiotics are often used
to achieve levels above the mutation prevention concentration (MPC)
and avoid the gradual increase of minimum inhibitory concentration
(MIC). In environments with high concentrations of antibiotics, single
resistant mutations that arise directly from a susceptible strain are likely
to be eliminated. Both in vitro evolution experiments (Levin-Reisman
et al., 2017) and in vivo evolution studies conducted on patients under-
going treatment (Liu et al., 2020) have demonstrated that populations of
bacteria that become genetically resistant to the antibiotic tend to do so
on a foundation of tolerancemutations. Tolerant organisms have a higher
likelihood of surviving, and therefore, they have a greater chance of
subsequently acquiring resistance mutations. Another reason is the sig-
nificant variation in the number of genes involved in each process. While
only a few genes are responsible for conferring resistance, tolerance in-
volves numerous genes (Levin-Reisman et al., 2017; Lewis & Shan,
2017). As a result, in clinical settings, the accumulation of resistant
mutations is only possible after the establishment of antibiotic tolerance.
Therefore, the expected evolutionary trajectory under intermittent high
concentrations of antibiotics, which is more reflective of pharmacoki-
netics in patients, begins with the evolution of antibiotic tolerance from
antibiotic persistence and subsequently leads to antibiotic resistance, as
demonstrated by studies conducted by (Fridman et al., 2014; Lev-
in-Reisman et al., 2017; Liu et al., 2020). Consequently, bacterial
persistence is not only clinically important, but also has evolutionary
implications.

1.3. Methods in studying persister cells

The slow pace in the study of persisters has been not only due to the
late realization of their critical roles in both evolution and clinic, but also
due to objective difficulties in studying transient phenotype variants in a
heterogeneous population. The recent development of single cell tech-
nology, including fluorescence-activated cell sorting (FACS), micro-
fluidics, microscopy, and single-cell RNA-seq, makes in-depth study of
antibiotic persistence possible. Yet, the methods of FACS, microfluidics
and microscopy strongly depend on successful labeling of persister cells.

2. Persister isolation

Researchers have developed various methods to isolate persistence.
One classic way was fusing a degradable green fluorescent protein (GFP)



Fig. 1. A) Hypothetical antibiotic killing curve is
shown graphically. Bactericidal antibiotics (β-lactams,
aminoglycosides, fluoroquinolones) are added at time
zero, and the log CFU/mL are measured with respect
to antibiotic exposure time. A susceptible population
(green line) is rapidly killed by the addition of anti-
biotics. Persistent population (blue line) has the same
MIC and antibiotic sensitivity as the susceptible pop-
ulation, yet a subpopulation of which remains viable
for extended periods of time. Bacterial resistance and
tolerance are attributes of the entire bacterial popu-
lation. A resistant population (grey line) retains the
ability to grow under antibiotic treatment. A tolerant
population (orange line) is sensitive to antibiotics, but
the kill rate is much higher than that of the susceptible
population. B) The proposed evolutionary link be-
tween persistence, tolerance, and resistance. Persis-
tence refers to the ability of a subpopulation (typically
less than 1%) of bacteria to survive high dose of an-
tibiotics, whereas tolerance refers to the same ability
but pertains the entire population. Studies have shown
that persistence and tolerance evolve rapidly under
intermittent antibiotic exposure, which is of more
relevant under clinical settings. Tolerance may also
play a crucial role in the evolution of resistance when
bacteria are under intermittent exposure to antibiotics.
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behind a ribosome promoter, rrnBP1-GFP, which is only active in
dividing cells (Shah et al., 2006). “Dim” cells in the population corre-
spond to dormant cells, in which persisters are enriched. More markers
have been proposed based on the low energy status of persisters. Citrate
synthase (GltA), isocitrate dehydrogenase (Icd), and α-ketoglutarate de-
hydrogenase (SucA) are critical enzymes in the TCA cycle, which links to
membrane potential and ATP production. Chromosomal mVenus trans-
lational fusions gltA-mVenus, icd-mVenus, sucA-mVenus were constructed
(Manuse et al., 2021). When exposed to ciprofloxacin, cells that had
“dim” fluorescence intensity had higher survival rate compared to
“bright” and “middle” intensity cells, suggesting that low energy pro-
duction is associated with persister formation. Different from E. coli
(Shah et al., 2006), Staphylococcus aureus persisters are produced due to a
stochastic entrance into stationary phase (Conlon et al., 2016). Cap5A
used to be a stationary phase cell marker, and it now can be a good
marker for persister S. aureus. By fusing cap5A promoter region with GFP
fluorescent protein, researchers were able to sort these population based
on fluorescence intensity (dim, medium, high) which correlates to cap5A
expression. Only the cells with the brightest fluorescence with the most
expression of cap5A were able to survive antibiotics.

The difficulty in isolating persisters from other cell types to sufficient
purity lies in their low abundance, transient nature, and their similarity
to themore highly abundant viable but non-culturable cells (VBNCs). The
use of FACS based on fluorescence labeling of persisters addressed this
technical hurdle and help to quantify persister levels in a population
(Allison et al., 2011; Orman and Brynildsen, 2013). This assay provides
persister phenotype distributions and can also be used to examine
persister heterogeneity. Combining FACS, antibiotic tolerance assay with
next generation sequencing, Brynildsen's group developed
persister-FACSeq, a method to massively parallelize quantification of
persister physiology and its heterogeneity. Persister-FACSeq can be
applied to study persistence to any antibiotic in any environment for any
bacteria that harbors a fluorescent reporter. Through this method, they
found that persistence to ofloxacin is inversely correlated with the ca-
pacity of protein synthesis in non-growing cells (Henry & Brynildsen,
2016).

3. Single-cell time-lapse microcopy

Persister cells are phenotypic variants present at low frequency in
isogenic populations. Therefore, time-lapse microscopy of single-cell
3

resolution is a gold-standard method to investigate antibiotic persis-
tence. Balaban and colleagues were pioneered in coupling timelapse
microcopy with microfluidic device to observe E. coli persister cells.
Based on the observation, they modeled two types of persister cells: Type
I persisters are stressed induced and type II are stochastically generated
in exponentially growing populations (Balaban et al., 2004). Coupling
microfluidics with time-lapse microscopy, the study of persisters entered
a single-cell era: James Collins' group monitored indole-induced persister
formation using microfluidics under the microscope, and proposed that
indole signaling ignites a subgroup of cells against antibiotics by acti-
vating stress responses, leading to persister formation (Vega et al., 2012);
John McKinney's group found that Mycobacterium smegmatis persists by
dividing in the presence of the drug isoniazid, negatively correlated with
KatG pulsing (Wakamoto et al., 2013); Pu et al. showed that dormant
cells have enhanced efflux activity, a double-safe strategy adopted by
persister cells to ensure their survival (Pu et al., 2016); Pu et al. also
showed that membraneless aggresome formation can induce antibiotic
persistence, and eliminating aggresomes is a prerequisite of persister
relapsing (Pu et al., 2019).

4. Perspectives of single-cell RNA-seq (scRNA-seq) in persister
study

Ever since the method was first published in 2009 (Tang et al., 2009),
scRNA-seq has received broad interest in the eukaryote field. One of the
biggest advantages of this method is that scRNA-seq can describe tran-
scriptome in individual cells from a heterogeneity population with high
resolution and in a genomic scale, which seems quite promising if we can
use it in the study of bacterial persisters. However, due to extremely small
transciptome size and the absence of effective mRNA polyadenylation
tails, the development of scRNA-seq in prokaryotes is exceptionally
difficult. Recently, based on the principle of split-pool barcoding, Seelig's
group developed microSPLiT, a high throughput scRNA-seq method for
bacteria that can resolve heterogeneous transcriptional states (Kuchina
et al., 2021). Cai's and Newman's group jointly developed parallel
sequential fluorescence in situ hybridization (par-seqFISH) to spy on
microbial communities (Dar et al., 2021). These methods paved the way
to analyze persister gene expression profiles from a heterogeneity pop-
ulation, which is otherwise not amenable to single-cell analysis in
genomic scale.
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4.1. Mechanisms underlying persister cell formation

The lack of a comprehensive understanding of the molecular mech-
anisms and physiological changes that truly underly antibiotic tolerance
of persisters has been the current situation in the field. One major
obstacle for the development of effective treatments against persisters is
that there is no sole target. Furthermore, research progress has been
complicated not only by the redundant persister formation pathways, but
also by the adoption of different bacterial model systems, methodologies,
and definitions in the field (Balaban et al., 2013; Kaldalu et al., 2016).

The origins of persister cells are multifaceted. They can arise spon-
taneously due to stochastic fluctuations in gene expression within a
bacterial population. Furthermore, stress-induced mechanisms such as
the SOS and stringent responses, as well as exposure to antibiotics, may
also induce persister formation. These stressors can trigger toxin-
antitoxin modules, aggresome and biofilm formation, ultimately result-
ing in reduced ATP levels and protein translation. Nonetheless, persister
cells could recover once the stress has been removed or when optimal
growth conditions are present. Although other sources have thoroughly
explored this topic, we will offer a brief overview and provide some in-
sights into the stress-induced mechanisms that lead to persister
formation.

5. Toxin-antitoxin (TA) system

TA systems are small genetic modules comprising a stable toxic pro-
tein and a labile antitoxin that neutralizes its cognate toxin. There are six
types of TA system, and the above mentioned hipBA locus belongs to type
II TA system. In steady-state conditions, the antitoxin forms a complex
with the toxin in which the toxic activity is neutralized. This complex also
autorepresses the expression of its own system. Under stress conditions,
environmental or physiological stimuli induces an imbalanced tox-
in:antitoxin ratio, which releases toxin activity and halt cell growth.
However, except for some TAs with indisputable roles in persistence,
such as HipBA and TisB/istR, many TA systems did not show any
persistence phenotype in a substantial number of studies (Bernier et al.,
2013; Goormaghtigh et al., 2018a; Harms et al., 2017; Norton &Mulvey,
2012). Therefore, the hypothesis of TA systems on bacterial persistence
remains ambiguous. Nevertheless, gain of function mutations of TA
system granting a hyper-persistent phenotype might confer a selective
advantage under specific conditions (Levin-Reisman et al., 2017; Moyed
& Bertrand, 1983), suggesting that wild-type TA systemsmay constitute a
feasible reservoir for the ontogenesis of new functions, especially in
persistence.

Frequent isolation of hipBA mutants from patients with chronic and
relapsing infections is the most prominent evidence linking TA systems to
persisters. The hipBA locus evolves rapidly, and hipA mutations
frequently result in a significant increase in persistence (Moyed and
Bertrand, 1983; Moyed and Broderick, 1986; Black et al., 1991; 1994).
The majority of prokaryotic genomes contain toxin/antitoxin (TA) gene
pairs, including hipBA. HipA is the stable toxin, while HipB is the labile
antitoxin. HipA acts as a serine/threonine kinase, phosphorylating
glutamyl-tRNA synthetase GltX, which prevents glutamate charging on
its cognate tRNA (Germain et al., 2013; Kaspy et al., 2013). This results in
the incorporation of uncharged tRNA at the ribosomal A site, which ac-
tivates (p)ppGpp synthesis by releasing RelA enzyme from the ribosome
(Potrykus and Cashel, 2008). The hipA7 mutant is a gain-of-function
phenotype resulting from two-point mutations in the hipA open reading
frame. Although HipA is normally inactive as a dimer, the hipA7
gain-of-function mutation occurs in the interface between the HipA di-
mers, allowing ATP to access the active site, activate the kinase, and lead
to significantly more persisters in these mutants (Schumacher et al.,
2015).

Clinical studies have shown that sequencing analysis of P. aeruginosa
isolates obtained from patients with cystic fibrosis, one of the most
challenging chronic infections, revealed hip gain-of-function mutants.
4

These mutants accounted for approximately 25%–40% of all isolates.
Screening of E. coli isolates from patients with frequent relapsed urinary
tract infection also associates high persistence with hip mutants, with
about half carrying mutations in hipA, and 5% of these being hipA7
(Schumacher et al., 2015). Introduction of hipA7UTI isolates into bladder
cells demonstrated significantly higher persistence compared to an
isogenic wild-type strain. Sequencing clinical isolates of Mycobacterium
tuberculosis from patients with long-term antibiotic medication also
showed the common occurrence of hip isolates (Torrey et al., 2016).
These studies strongly suggested that persisters are the primary cause of
recalcitrant chronic infections.

6. Stringent response

The stringent response is a ubiquitous stress signaling pathway that
enables bacteria to respond to amino acid starvation. Upregulation of
cellular levels of the alarmone (p)ppGpp controlled gene expression
profile switch is the hallmark of the response (Boutte & Crosson, 2013).
Together with the transcription factor DksA, (p) ppGpp binds to the RNA
polymerase, thereby downregulating genes necessary for rapid growth
and upregulating genes important for survival (Boutte & Crosson, 2013).
A considerable number of studies showed correlation between stringent
response and persistence. The first line of evidence is the increased level
of second messenger (p)ppGpp positively correlated with persistence
(Amato et al., 2013; Fung et al., 2010; Korch et al., 2003; Pu et al., 2016),
and (p)ppGpp is a key factor for the induction of various persister
mechanisms (Hauryliuk et al., 2015; Korch et al., 2003; Verstraeten et al.,
2015). The second line of evidence is that by deleting amino acid
biosynthesis genes, hence inducing amino acid starvation, showed a
strong increase in persistence (Bernier et al., 2013; Girgis et al., 2012). In
addition, several downstream stringent response genes play a role in
persistence, such as cspD (Yamanaka & Inouye, 1997) and phoU (Rice
et al., 2009). However, to establish this link is unequivocally challenging,
since in E. coli, disruption of (p)ppGpp synthetase gene relA and spoT are
generally pleiotropic. In addition, knocking out all (p)ppGpp synthetases
has no obvious effect on the growth and persister formation in S. aureus
(Conlon et al., 2016).

7. SOS response

The bacterial SOS response coordinates the expression of the SOS
regulon genes in response to DNA damage (Kreuzer, 2013). In E. coli,
LexA and RecA are the major regulators, in which LexA act as a repressor
by binding to the promoter region of multiple SOS genes (Brent &
Ptashne, 1980; Giese et al., 2008; Luo et al., 2001), and RecA is a
de-repressor for DNA damage (Little, 1991). The link between SOS
response and persistence has been reviewed by mutagenetic studies of
recA and lexA (Luidalepp et al., 2011; Debbia et al., 2001; D€o;rr et al.,
2009). One of the mechanisms underlying this linkage is that the
expression of tisB, a gene part of the SOS regulon, leads to the collapse of
the membrane potential and a drop in ATP levels by punching holes on
the inner membrane, thereby inducing persistence, and preventing
further DNA damage (D€o;rr et al., 2010). In addition, many genes from
the SOS response system may play a role in persistence, as these genes
were upregulated in ciprofloxacin induced persisters (Pu et al., 2016) and
the corresponding mutants display lower persister ratio. Particularly, the
SOS response in persistence induction is significant in exponential phase
while modest in stationary phase (V€olzing & Brynildsen, 2015).

As mentioned above, mechanisms underlying antibiotic persistence is
quite redundant and complex. Other mechanisms, such as general stress
response, i.e., heat shock (Wallace et al., 2015) and starvation (Pu et al.,
2019), may also induce persistence. However, none of these can repre-
sent a general mechanism of persister formation. Kim Lewis proposed
that relative dormancy, with low levels of metabolic activity and ATP, is a
possible general mechanism (Conlon et al., 2016). This hypothesis would
be intuitive because the killing processes caused by bactericidal
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antibiotics generally depend on ATP as energy source and low ATP level
could induce cellular proteostasis disruption (Pu et al., 2019). Moreover,
other researchers in the field leaned more frequently towards the concept
of “Persistence As Stuff Happens (PASH)” (Johnson, Levin, Levin, Li, &
Karger, 2013; Levin et al., 2014; Vazquez-Laslop et al., 2006). That is,
various types of heterogeneous persisters in a population are formed via
different molecular mechanisms by chance (Levin et al., 2014). The ex-
istence of PASH seems undisputable since all attempts in creating a
non-persister mutant have failed (Johnson et al., 2013). It's worth noting
that PASH is not mutually exclusive with ATP depletion as the actual
cause of persistence, and this is indeed the mechanism by which TisB
produces persisters (Dorr et al., 2010), and bacterial persisters are a
stochastically formed subpopulation of low-energy cells (Manuse et al.,
2021).

7.1. A manifesto of aggresomes in antibiotic persistence

7.1.1. Dormancy depth: the physiological origin of lag time
Lag time is a temporal period of delayed growth when bacteria are

adjusting to a new environment before starting exponential growth. The
antibiotic persistence could be explained by the extension of the lag time
of individual cells (Balaban et al., 2004). That is, when most cells in a
population reach to exponential growth, a fraction of cells are still in lag
phase and therefore tolerant to antibiotic treatment (J~o;ers et al., 2010;
Levin-Reisman et al., 2010). To quantitatively establish correlation be-
tween lag time and bacterial antibiotic persistence, we observed the
regrowth process of survivors at a single cell resolution under the mi-
croscope. After antibiotic removal, some survivors resumed growth very
soon, meeting the classic definition of persisters, which we referred to as
persister-fast-recovery (persister-FR). Some survivors used a longer time
to escape from dormancy, which we defined as persister-slow-recovery
(persister-SR). The remainder of the surviving cells remained dormant
even after 3 days (viable but non-culturable cells, VBNC cells) (Ayr-
apetyan et al., 2015; Pu et al., 2019). These results revealed that
drug-tolerant cells showed a broad distribution of lag times. Based on
Fig. 2. The persister phase is indicated in the middle vertical section. Viable but no
depth and stress intensity increases from left to right. Persister cells have shallow do
escape from deep dormancy state to achieve regrowth. Aggresome is an indicator for
stresses are illustrated under each vertical section. In nutrient rich environment, ATP
aggresomes, therefore facilitate bacterial resuscitation. On the contrary, dysfunction
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these observations, we postulated that the degree to which drug-tolerant
cells are dormant can be measured by a parameter we term ‘‘dormancy
depth” (Fig. 2). As dormancy shields cells from antibiotic killing effects,
dormancy depth regulates whether survival cells will resuscitate as well
as the lag time duration. Although lag time is a direct and measurable
quantity, with ‘‘dormancy depth’’ we can provide a unified framework
for understanding the formation of both persisters and VBNC cells and
revealing the physiological origin of lag time. This dormancy depth
model has important value in demonstrating that instead of a simple
binary active-dormant state, as has been a common assumption,
dormancy itself is a heterogeneous physiology state which can be char-
acterized quantitatively as having differing depths. This dormancy depth
analysis does not touch directly upon the underlying molecular mecha-
nisms of cell resuscitation as such, since the underlying reasons are
clearly varied and manifold.

7.1.2. Aggresome: an indicator of dormancy depth
In bright-field microscopy observations, we noticed that a novel

phenotypic feature—dark foci— is often associated with dormant cells
but is not present in actively growing cells. By using special fluorescent
labeling method and mass spectrometry, the dark foci were proved to be
protein aggresomes, a collection of proteome-wide protein aggregates
formed when intracellular proteostasis is disrupted. A time-lapse mass
spectrometry analysis revealed that the partition of proteins in different
biological processes into aggresomes may abide some level of sequential
order. By using a time-lapse microscopy, Jin et al. followed the process of
how proteins HslU, Kbl, and AcnB were incorporated into aggresomes.
They found that the incorporation process happened at different char-
acteristic time scales. Above evidence supports the existence of cell
dormancy depth. By using TC-FlAsH labeling method, of which the signal
of fluorescence is proportional to the degree of protein aggregation, we
further established the connection between dormancy depth and the
degree of protein aggregation in aggresomes. Induction of aggresomes by
heat shock, streptomycin or hydrogen peroxide can promote cell entry
into dormant state. Particularly, aggresomes are highly heterogeneous in
n-culturable (VBNC) phase is indicated in the right vertical section. Dormancy
rmancy depth, therefore they can easily recover and regrow. VBNC cells cannot
dormancy depth. The aggresome status (LLPS, gel, solid) in response to different
is replenished, and functional protease complexes are recruited to disaggregate
al protease machinery generates more VBNCs.



Table 1
Various anti-persister approaches.

Approaches Mechanisms

Addition of carbon source with antibiotics
(Allison et al., 2011; Orman &
Brynildsen, 2013; Taber et al., 1987)

Resuscitates persisters and allows cells
to increase intake of conventional
antibiotics

Addition of efflux pump inhibitors with
antibiotics (phenylalanine arginyl
β-naphthylamide (PAbN) or 1-(1-
Naphthylmethyl) piperazine (NMP) (Pu
et al., 2016)

Blocks efflux of conventional
antibiotics

Acyldepsipeptide (ADEP 4 (Carney et al.,
2014; Conlon et al., 2013; Lee et al.,
2010; Li et al., 2010)

Activates ClpP to be a non-specific
protease and kills persister cells by
uncontrollable protein degradation

Defensins, cathelicidins (Defraine et al.,
2018; Mohammad et al., 2015)

HT61 (Hu et al., 2010; Hubbard et al.,
2017a)

Disrupts bacterial cell membrane in a
growth-independent manner

KCN (Respiration inhibitor) (Orman &
Brynildsen, 2015)

Impairs stationary phase respiratory
activity and prevents self-digestion of
endogenous proteins and RNA, which
yields bacteria that are more capable of
translation, replication and
concomitantly cell death when exposed
to antibiotics

M64 (MvfR inhibitor) (Allegretta et al.,
2017; Starkey et al., 2014; Vieira et al.,
2022)

Targets quorum sensing regulator and
inhibits persister formation

Relacin (Wexselblatt et al., 2012) Affects entry into stationary phase in
several Gram-positive bacteria, leading
reduction in cell survival

Cis-2-decenoic acid (Marques et al., 2014) Increases metabolic activity and reverts
persisters into an antibiotic-susceptible
state
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terms of protein/RNA composition and physical state when induced by
different stresses (Jin et al., 2021; Pu et al., 2019), implying that by
tuning the material composition and properties of aggresomes, bacterial
cells set the strength of stress response and determine dormancy depth. In
contrast, preventing aggresome formation by impairing protein synthesis
would stop a cell from sliding into a dormant state. Taken together, these
results suggested that the extent of aggresome formation is a good indi-
cator of bacterial cell dormancy depth.

7.1.3. The mechanisms underlying aggresome formation and clearance
We revealed that aggresomes are dynamic, reversible structures that

is formed under stressed conditions and disassemble when stress is
removed (Pu et al., 2019). Jin et al. exploited experiment and multiscale
modeling in tandem to determine the molecular biophysics of aggre-
somes in a spatiotemporal manner. Through model-interpreted time--
resolved microscopy, they revealed that the aggresomes are
membraneless liquid droplets that will phase separate following clus-
tering of diffusing proteins under thermal equilibrium in the bacterial
cytoplasm (Jin et al., 2021). The findings implied that bacterial cells
potentially exploit liquid-liquid phase separation (LLPS) processes in
their stress-adaptive system to increase their fitness in changing envi-
ronment (Fig. 2). LLPS is reported to be highly sensitive to changes of
certain parameters, such as pH, temperature, and salt and molecular in-
teractions (Alberti et al., 2019; Kroschwald et al., 2018; Wallace et al.,
2015). Therefore, LLPS could perhaps serves as a highly reversible and
sensitive way to compartmentalize cell cytoplasm in the absence of
membranes. In our work, we demonstrated that the formation of aggre-
some is driven by depletion of intracellular ATP, which not only ener-
gizes cellular processes but also acts as a hydrotrope to increase specific
protein solubility (Patel et al., 2017; Pu et al., 2019).

By tracking the resuscitation process of persister cells, we observed
that the aggresomes disappear before persisters re-enter the growth cycle
but persevere in VBNC cells (Pu et al., 2019). This phenomenon implies
that aggresome dissolution and proteostasis restoration are critical steps
for persisters to escape dormancy and resume growth. However, at
physiological concentrations, the hydrotropic activity of ATP alone is not
able to facilitate aggresome disintegration. Through mutagenesis, we
revealed that during nutrient replenishment, the DnaK-ClpB bichaperone
system played a critical role in the clearance of aggresomes in an
ATP-dependent manner (Fig. 2). Through time-lapse microscopy, we
demonstrated that the ability to recruit functional DnaK-ClpB machin-
eries determines the lag time for bacterial regrowth. In contrast,
dysfunction of the bichaperone system generates more VBNCs but fewer
persisters, indicating that dormant cells with deficient disaggregation
apparatus, regardless of shallow or deep dormancy depth, encounter
difficulties in escaping the dormancy trap. Based on these results, we
postulated the relationship between dormancy depth and lag time: lag
time ¼ dormancy depth/escaping speed ¼ quantity of aggresomes pre-
sent/rate of aggresome disaggregation.

7.2. Therapeutic perspectives against persisters

Due to the transient metabolic inactive phenotype, persisters are
largely responsible for the ineffective elimination by conventional anti-
biotics, fueling chronic and relapsing infections. Persisters could also
serve as “steppingstone” to antibiotic resistance in clinical settings where
bacterial pathogens encounter intermittent high-dose antibiotic expo-
sures (Fig. 1) (Levin-Reisman et al., 2017). Hence, in the battle against
bacterial infection, development of effective anti-persister treatment
regime is of great importance, yet this urgency is often overlooked in
clinical settings (Table 1).

7.2.1. Sensitizing persister cells before antibiotic killing
In response to this urgency, several strategies and drugs against per-

sisters have been developed in the scientific field (Table 1). One
approach is by adding carbon sources: to resuscitate persisters and allow
6

cells to be susceptible to conventional antibiotics. This approach is to
potentiate the killing effects of antibiotics, thus considered as a quick
route. For example, the transportation of aminoglycosides through the
cell membrane is dependent upon proton motive force (PMF) (Taber
et al., 1987), which is considerably low in persister cells. Allison et al.
demonstrated that carbon sources such as mannitol, glucose, fructose, or
pyruvate can activate PMF and significantly increase the uptake of
gentamicin by E. coli persisters. As a result, the survival of persisters
decreased by 99.9% (Allison et al., 2011). The effectiveness of this
adjuvant-antibiotic pair was further verified in a chronic urinary tract
infection mouse model. Interestingly, among these carbon sources, only
fructose is effective against S. aureus in combination with gentamycin. In
Orman and Brynildsen’ study, 60 mM of glycerol, pyruvate, mannitol,
glucose, or fructose in combination with kanamycin (25 μg/mL)
decreased the survival rate of E. coli persister cells by 99.9% (Orman &
Brynildsen, 2013).

7.2.2. Adding adjuvants with antibiotics to kill persisters
An attractive approach for new therapies to address persister cells is

to develop antibiotic adjuvants that work effectively when combined
with antibiotics but have no effect on their own. Maiden et al. discovered
that when the FDA-approved compound triclosan, which targets bacteria
primarily by inhibiting fatty acid synthesis, was highly effective in killing
persister cells of P. aeruginosa when used in combination with tobramy-
cin. Within 8 h, the combination resulted in a 100-fold reduction in
persister cells, and complete eradication was achieved within 24 h. Tri-
closan also improved tobramycin's ability to kill multiple Burkholderia
cenocepacia and Staphylococcus aureus clinical isolates grown as biofilms,
which have a high proportion of persister cells. Moreover, triclosan
demonstrated synergy with other aminoglycosides, including strepto-
mycin or gentamicin (Maiden et al., 2018). Another adjuvant is by adding
efflux pump inhibitors. Pu et al. demonstrated that persisters which
possess active efflux and passive dormancy could survive antibiotic
exposure. Therefore, efflux pump inhibitors, such as phenylalanine
arginyl β-naphthylamide (PAbN) or 1-(1-Naphthylmethyl) piperazine
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(NMP), in combination with antibiotics have an anti-persister efficacy,
exhibiting therapeutic promise (Pu et al., 2016).

7.2.3. Direct killing of persister cells
The direct elimination of persisters by targeting growth-independent

elements is another anti-persister therapy. The most successful example
is the utilization of bacterial serine protease ClpP activators, ADEPs
(Carney et al., 2014; Conlon et al., 2013; Lee et al., 2010; Li et al., 2010).
ClpP in combination with its ATPase chaperone can degrade proteins in
an ATP-dependent manner (Br€o;tz-Oesterhelt et al., 2005). However,
after binding to ADEP4, the protease machinery becomes
ATP-independent, resulting in uncontrolled protein degradation (Conlon
et al., 2013). ADEP4 (5 μg/mL) is effective against methicillin-resistant
Staphylococcus aureus (MRSA) persisters from stationary phase. In com-
bination with minimal rifampicin (0.4 μg/mL), ADEP4 can completely
eradicate persister cells (Conlon et al., 2013). Furthermore, antimicrobial
peptides (AMPs) secreted by host immune system, such as defensins and
cathelicidins, can efficiently disrupt bacterial cell membrane in a
growth-independent manner, thus having activity against persisters
(Defraine et al., 2018; Mohammad et al., 2015). Based on the findings,
systemic approaches to identify membrane-active small molecules
against persisters were carried out by several groups. Coates’ group
identified HT61 as a promising candidate with persister killing capacity
from 952,601 compounds (Hu et al., 2010), which is currently in clinical
trials to determine the efficacy as a therapeutic agent (Hubbard, Coates,
& Harvey, 2017a). The action mode of HT61 is to directly interact with
bacterial lipid bilayers and induce the alternation of lipid bilayer struc-
ture, which consequently leads to membrane disruptions and ATP
leakage.

7.2.4. Reducing persister formation
The identification of various approaches that disrupt the processes

involved in persister formation has been facilitated by an increased un-
derstanding of the mechanisms that underlie persistence. This has
resulted in a reduction in the number of persisters. For instance, MfvR, a
quorum sensing regulator in P. aeruginosa, has been inhibited, leading to
a decrease in persister numbers (Allegretta et al., 2017; Starkey et al.,
2014). Inhibitors that prevent the accumulation of (p)ppGpp have also
been developed for several Gram-positive species (Wexselblatt et al.,
2012), and the phage-encoded expression of LexA3 and SoxR has been
used to inhibit the SOS- and oxidative-stress responses in E. coli (Lu &
Collins, 2009). Additionally, treatment with KCN has been shown to
reduce the formation of E. coli type I persisters when fresh medium is
added by inhibiting stationary phase respiration (Orman & Brynildsen,
2015). Although the elimination of existing persister cells can be effec-
tive in treating infections, inhibiting, or reducing their formation before
antibiotic treatment can potentially prevent chronic infections.

7.2.5. Proposal of an alternative anti-persister therapy
Using extensive single-cell observation data, we have introduced a

model of dormancy depth that portrays it as a continuum, rather than a
singular homogeneous state. This model suggests that fast-recovered
persisters exist in shallow depths of dormancy, while slow-recovered
persisters reside in medium depths, and VBNC cells are found in very
deep depths where the obstacle to re-initiate growth is insurmountable.
In light of the discovery of the aggresome and its role in regulating
dormancy depth, we propose an alternative approach to anti-persister
therapy. Our proposal involves inducing a persister to enter a deeper
state of dormancy, thereby transforming into a VBNC cell incapable of
growth. One way to achieve this is by increasing the level of protein
aggregation to an irreversible point, or by disrupting disaggregation
machineries, such as by employing DnaK ATPase activity inhibitors to
prevent persisters from escaping dormancy. Both strategies present new
avenues for potential drug targets in the development of future
antibiotics.
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