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Abstract: The occurrence of bacterial pathogens in the food chain has caused a severe impact on
public health and welfare in both developing and developed countries. Moreover, the existence of
antimicrobial-tolerant persisting morphotypes of these pathogens including both persister-cells as
well as bacterial spores contributes to difficulty in elimination and in recurrent infection. Therefore,
comprehensive understanding of the behavior of these persisting bacterial forms in their environmental
niche and upon infection of humans is necessary. Since traditional antimicrobials fail to kill persisters
and spores due to their (extremely) low metabolic activities, antimicrobial peptides (AMPs) have been
intensively investigated as one of the most promising strategies against these persisting bacterial
forms, showing high efficacy of inactivation. In addition, AMP-based foodborne pathogen detection
and prevention of infection has made significant progress. This review focuses on recent research on
common bacterial pathogens in the food chain, their persisting morphotypes, and on AMP-based
solutions. Challenges in research and application of AMPs are described.
Keywords: foodborne pathogen; persisters; bacterial spores; antimicrobial peptides

1. Introduction
The occurrence of bacterial pathogens in the food chain is an important cause of foodborne
diseases and food poisoning. Both disease states cause severe public health problems and affect
well-being in both developed and developing countries [1]. According to annual data from the
World Health Organization, almost 1 in 10 people worldwide falls ill because of contaminated food,
and nearly one-third of 42,000 food contamination-deaths occur among children under five years of
age. In low-income or middle-income countries, losses accounting for up to $110 billion are linked to
unsafe food. Due to the high morbidity and mortality rates, foodborne pathogens have gained great
attention among researchers.
The current antibiotic crisis due to drug resistance and drug tolerance hinders the eradication
of pathogens in both the food industry and in patients. Resistance mechanisms such as drug efflux
and modification of drug targets are inherited traits attributable to genetic alterations [2]. In contrast,
drug tolerance is a property of bacterial persister-cells, which are dormant variants of regular cells
arising by non-heritable mechanisms [3]. In 1942, a small fraction within a Staphylococcus aureus
population refractory to penicillin treatment was discovered [4], and, in 1944, the term persisters was
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coined for these cells [5]. Since this first discovery, scientist reported stochastic phenotypic variations
conferring drug tolerance in almost every bacterial species [6].
Although a universal definition is lacking, persisters are normally described as transiently antibiotic
tolerant phenotypic variants that allow a population to survive antibiotic exposure [7]. It is noteworthy
that persisters are not necessarily completely and metabolically inactive. For example, intramacrophage
Salmonella persisters secrete certain effectors to diminish host pro-inflammatory immune responses
and induce macrophage polarization [8]. Persisters formed either during stress conditions (type I
persisters) or are continuously generated during exponential growth (type II persisters), which allows
a subpopulation to always be prepared to tolerate future stresses [9]. Clinically, persisters play a role in
chronic, recurrent, and antibiotic-resilient infections. In addition, persisters contribute to antibiotic
resistance development. For instance, in vitro experiments showed that formation of persisters precedes
and promotes the emergence of heritable resistance [10]. Bakkeren et al. [11] reported that Salmonella
persisters promote the spread of resistance plasmids in the gut. Therefore, a full understanding of
persisters and the stimuli inducing their formation is much desired. The more we know about various
persister types and their formation mechanisms, the better we can control this special phenotype to
reduce its impact.
Due to the low metabolic activity of persister-cells, antibiotics fail to eradicate them. Therefore,
new approaches are needed. One possible treatment for persisters is the use of natural or synthetic
antimicrobial peptides (AMPs). Natural AMPs are small molecules produced by animals and plants as
the first line of defense against a wide spectrum of pathogenic microbes, and by microbes to maintain
their environmental niche. Currently, more than 3200 natural AMPs are recorded in The Antimicrobial
Peptide Database (http://aps.unmc.edu/AP/main.php). Though the synthesis is still costly, it is possible
to modify or fully synthesize AMPs to widen the scope of their antimicrobial action as well as to
address natural disadvantages such as instability and potential toxicity [12]. Unlike most antibiotics,
which target specific cellular metabolic processes, AMPs act via direct interaction with bacterial
membranes and, if deployed to combat infections, through interaction with host immunity [13].
Additionally, several AMPs can interact with intracellular targets [14]. The synergy of AMPs with
antibiotics or other antimicrobial strategies showed great potential against persisters [15]. In summary,
due to their high killing efficiency and broad spectrum, AMPs are not only used as persister eradicators
but in specific cases as food preservatives (such as nisin and its derivatives) and pathogen detectors.
In this review, we aim to provide an overview of recent progress and current deficiencies of
controlling common foodborne pathogenic persisters and of AMP-based solutions. We first introduce
major common foodborne pathogens and their huge impact on human health as well as on the food
industry. Next, we describe persisting morphotypes of the mentioned five foodborne pathogens
and the mechanisms of their formation. Following that, we summarize recent progress made in
research on AMPs, and describe their identified modes of action and their application in persister
eradication, food preservation, and pathogen detection. Finally, we provide a brief overview of the
current challenges for AMPs to become anti-persister agents of the future.
2. Persisters of Foodborne Pathogens
Bacterial foodborne pathogens cause foodborne illness by the ingestion of pathogens themselves
and/or by pathogen-produced toxins. Precisely, food-induced illness can be divided into two types:
food infection and food intoxication [16]. The former is caused by swallowing foods with pathogens
that grow and secrete a toxin once inside the human body, whereas the latter is due to eating foods
containing toxins produced by microbes. In this review, we focus on persisters of common foodborne
pathogens, which are also intensively used for persister research. These include the Gram-negative
pathogens Salmonella and Escherichia coli, and the Gram-positive species Staphylococcus aureus,
Listeria monocytogenes, and Bacillus cereus. These pathogens and their toxins can come from diverse
sources including polluted water, soil and air, contaminated raw materials, and non-hygienic food
processing and storage (Figure 1). Environmental stress conditions may lead to the generation of
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persisting morphotypes of these pathogens in the food chain. Note that recent data on the globally
of human bacterial gastroenteritis, Campylobacter jejuni, show that this bacterium is able to form
leading cause of human bacterial gastroenteritis, Campylobacter jejuni, show that this bacterium is able
persister-cells upon exposure to the antibiotics’ ciprofloxacin and penicillin G [17–19].
to form persister-cells upon exposure to the antibiotics’ ciprofloxacin and penicillin G [17–19].

Figure 1. The possible sources of foodborne pathogens. Every step from farm to table can ultimately lead
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leading to several diseases such as bloody diarrhea and even death (around 25% of cases) [24],
(4) enteroinvasive E. coli (EIEC), that are highly invasive to colon epithelial cells causing bacillary
dysentery [25], (5) enteroaggregative E. coli (EAEC), which is one of the most prevalent causes of
acute and persistent diarrhea due to contaminated foods [26], and (6) enterotoxigenic E. coli (ETEC)
that infect travelers and children in developing and semitropical areas and cause diarrhea-associated
symptoms [27]. Foodborne E. coli outbreaks are commonly associated with fresh produce, meat products,
and unclean water caused by a contaminated environment and/or non-hygienic food processing.
Staphylococcus aureus is a Gram-positive, coccoid bacterium. Foodborne S. aureus strains are
food intoxication bacteria producing thermal resist toxin, which is responsible for the most prevalent
foodborne intoxication worldwide named Staphylococcal Food Poisoning (SFP) [28], leading to nausea,
violent vomiting, abdominal cramping, fever, and diarrhea. S. aureus colonizes mostly the human nose
but also skin, hair, and mucous membranes. Even though most of the ubiquitous S. aureus populations
on the human body are indicated to be harmless [29], they are responsible for high frequency of SFP
due to improper food handling. Except for unhygienic food processing, contaminated raw milk and
soft cheese that originate from animals suffering S. aureus-induced mastitis are also possible inducers
of SFP [30]. Note that, upon gaining access to the body through an injury on the skin of mammals,
certain S. aureus strains can also cause skin and joint infections, pneumonia, sepsis, endocarditis,
and medical device-associated infection [31,32]. These events are not the central topic of this review.
Listeria monocytogenes is a Gram-positive, rod-shaped, facultative intracellular foodborne pathogen
and the inducer of a relatively rare disease known as listeriosis. This food-borne illness is characterized
by a high hospitalization and fatality rate (up to 30%) [33]. This potentially lethal infection is associated
with symptoms ranging from mild gastroenteritis to fatality cases and the bacteria have higher infectivity
and virulence in vulnerable populations like pregnant women, children within five years of birth,
the elderly, and patients with deficient immunity [34]. L. monocytogenes can replicate at a wide range of
temperatures (2–45 ◦ C) and divergent environments including mammalian cells, and is able to survive
under ubiquitous stresses such as high acidity and high salinity [35]. This makes them extremely
resistant to inactivation treatments both in vitro and in vivo. L. monocytogenes is commonly found in
processed and cold-stored food such as meat products and dairy products. Recently, fresh produce
has also been reported to be a contributor to listeriosis [33].
Bacillus cereus is a Gram-positive, aerobic facultative, spore-forming bacterium that has been
ubiquitously found in soil, water, vegetables, meat, and milk [36]. While certain B. cereus strains are
used as a growth promoter or biocontrol against microbial illness, or as probiotics for mammals,
other B. cereus strains lead to food poisoning [37]. Pathogenic B. cereus mainly causes two kinds of
gastrointestinal diseases: (1) emesis linked to cereulide, a heat-stable and acidic-stable non-ribosomal
depsipeptide (pre-) formed in the food matrix, commonly associated with starchy foods like pasta and
rice [38], and (2) diarrhea induced by enterotoxins produced in the small intestine, namely hemolysin
BL (HBL), non-hemolytic enterotoxin (NHE), and single proteins such as cytotoxin K and enterotoxin
T [39]. Although diseases caused by B. cereus are generally mild and self-limiting, severe and lethal
cases have been reported [40,41]. As the third most frequent foodborne outbreak-related pathogen in
Europe [42], B. cereus is receiving increasing attention.
Finally, as indicated, we now know that C. jejuni strains can also form persister-cells upon
ciprofloxacin treatment while such an observation was not made upon exposure to the beta-lactam
antibiotic ampicillin [19]. However, the mechanism of C. jejuni persister formation is largely unknown
yet. However, recent experiments suggest that C. jejuni cells could undergo a remodeling of the electron
transport chain in order to moderate membrane hyperpolarization and intracellular alkalization.
These events might jointly reduce the antibiotic efficacy and potentially assist in persister-cell
formation [18].
Foodborne pathogens and their persisting forms cause severe food safety and quality challenges
to food manufacturing in general and the food industry in particular. The existence of persister
cellular forms, which can evade antimicrobial action and regrow after stress removal, makes it difficult
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to eliminate those pathogens. Although the first discovery of persister-cells dates back 78 years,
the contribution of these cells to infection has been underestimated for a long time, until they were
clinically isolated from patients who experienced fatal relapse of infection after antibiotic failure [43,44].
Convincing and convergent experimental evidence has indicated that persisters hold responsibility for
therapy failure and recalcitrance of diseases despite prolonged antibiotic treatment [6,45,46].
2.2. Definition of Persisters
In 1944, Bigger termed persisters a subset of cocci of a Staphylococci population that survived
inactivation with penicillin as a non-growing dormant cellular phenotype without being genetically
resistant [5]. Since then, persisters are mainly considered as physiologically dormant cells that can evade
antibiotic treatments. However, recent research has questioned this concept. First of all, some types of
persisters are correlated with active metabolism. For instance, increased metabolic activity leads to a
higher level of persisters in a stationary phase population [47]. Intracellular Salmonella persisters are
able to secrete compounds to disturb the host immune system and avoid being killed [8]. Lastly, not all
non-growing cells are persisters [48].
In 2019, Balaban, together with other 120 persistence-involved researchers, provided a common
definition of antibiotic persistence and persisters [49]. In general, antibiotic persistence (1) is a
phenotypic feature of a subset of a bacterial population that can survive bactericidal antibiotic exposure,
(2) is experimentally characterized by biphasic kill curves, which means that, while a large part of
the population is killed by an antibiotic, a smaller fraction survives for a longer time, and (3) is a
non-heritable and a population-level phenomenon. Meanwhile, persisters are defined as tolerant cells
isolated from persistent populations.
According to the distinct way of persister formation, persisters are generally divided into two
types [9]: Triggered (type I) persisters induced by a myriad of stress conditions, such as exposure to
antimicrobial agents, energy limitation, acid, immune cells, and compounds, which are spontaneous
persisters (type II) that are continuously generated during growth. Yet, instead of exhibiting a unified
antibiotic resistance profile in a single given condition, persisters show heterogenous abilities to
withstand antimicrobials due to different ways of obtaining persister-cells [50,51]. This may indicate
that a quiescent target or dormancy is not the only strategy used for surviving. Different mechanisms
of persister formation lead to divergent persisters. The definition of a persister needs to be extended to
other fatal stress conditions. To sum up, the current definition of persisters is still evolving.
In this review, we define persisters as a genetically susceptible and growth-arrested subpopulation
that have a non-inheritable capability of surviving under possibly fatal conditions and can regrow into
normal sensitive bacteria after stress removal. In this case, divergent phenotypes fitting this definition
can be termed persisters (Figure 2), such as in planktonic bacteria stress-induced growth-arrested
persisters as well as stochastically-formed persisters, biofilm-contained persisters, small colony variants
(SCVs), unstable L-form cells, intracellular persisters, and bacterial spores.
2.3. Persister Types and Mechanisms of Formation
Slow growth/no-growth is a clear characteristic of persisters, and conditions that lead to bacterial
growth arrest strongly promote persister formation. Growth arrest occurs in energy-limited conditions.
Conlon et al. [52] discovered that stationary phase S. aureus cells, which displayed an intracellular ATP
drop, showed a 325-fold increase in persister formation, and a 100–1000 times higher level of antibiotic
tolerance compared to their exponential phase counterparts. Similarly, Shan et al. [53] demonstrated
that a low level of ATP is the underlying explanation of E. coli persister production. However,
Wang et al. [54] reported that S. aureus persisters formed in a stationary phase are associated with low
membrane potential and ATP depletion is merely an indirect outcome. In addition, nutritional deficiency
inside macrophages is regarded as a cause of intramacrophage Salmonella persister formation [55].
Long-term starvation results in sporulation in spore-forming B. cereus [56]. Except for energy limitation,
artificial/stress-induced growth arrest also leads to a higher persister level. Deficiency of heme leads to
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higher S. aureus persister levels under energy stress and antibiotic treatment, which may be due to the
important role of heme in the respiration chain and energy production [57]. Moreover, signal pathways
depending on guanosine pentaphosphate/tetraphosphate (ppGpp) and Toxin-antitoxin systems
(TA systems) lead to growth arrest due to various metabolism-halting mechanisms (summarized in
Sections 2.3.1 and 2.3.2), making them the most important molecular mechanisms of persister formation.
Pontes et al. [58] argued that slow growth, irrespective of the way this is induced, is the ultimate
indicator of persister formation, at least in an S. Typhimurium population. In general, even though the
underlying explanation of growth arrest-induced persisters is still confusing, growth arrest is not only
one of the most distinctive features, but also a controversial inducer of persisters. It should be noted
that the reduction of growth and metabolic activity is not a sufficient trigger for persister formation as
not all “slow-growing cells” show persistence [48]. In the next paragraphs, we will discuss the details
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which consequently leads to toxin accumulation and growth arrest that ultimately contributes
to persister formation [66]. Currently, there are six kinds of TA systems (type I–VI) and
persistence-associated TA systems belong to the first two types (Figure 4) [66,67]: (1) a type I
TA system contains a small RNA (sRNA) antitoxin inhibiting the translation of toxin that decreases
ATP synthesis by disrupting membrane potential, (2) the best-studied type II TA system includes a
DNA-binding protein antitoxin that can repress toxin gene transcription and/or directly inactivate
protein toxin by forming a TA complex. This type II toxin inhibits several essential metabolic processes
such as DNA or protein synthesis. Most type II toxins can also co-repress transcription with an
antitoxin [68].
E. coli is an important species to study the function of type II TA systems in persister formation.
The first discovered gene that directly associated with persister levels is E. coli hipA gene encoding high
persister protein A. HipA is part of a type II TA locus, hipBA, with its inhibitor gene hip B [69]. The HipA
toxin attenuates cell growth by inhibiting glutamyl tRNA synthetase (GltX), and then stimulates

Harrison et al. [78] revealed the importance of the yafQ toxin gene in inducing persisters in antibioticexposed biofilms.
Although reports about E. coli persisters and their TA systems are conflicting, positive
relationships
between
the TA toxin and persister formation are proposed in Salmonella.
Helaine and
Int. J. Mol. Sci.
2020, 21, 8967
8 of 24
colleagues discovered that the majority of 14 ppGpp-dependent type II TA operons play key roles in
intramacrophage
persister
formation
[79].
Later,formation
acetyltransferase
toxin hipA-induced
TacT and three
ppGpp synthesis
and, ultimately,
promotes
persister
[70,71]. In addition,
E. coli TacT-like
toxinspersisters
were revealed
their[72].
ability
to induce
persisters
inhibiting
translation was further
highly relyand
on ppGpp
In addition
to hip BA,
there are 10by
other
type II ppGpp-independent
TA[80,81].
loci in E.On
colithe
thatopposite
encode mRNases
involved
in thedo
reduction
of cellular
[73].[52] and L.
proven
side, TA
II systems
not have
a clearmetabolic
effect inactivity
S. aureus
In
2013,
Maisonneuve
et
al.
[74]
provided
strong
evidence
that
E.
coli
mutants
without
these
10
TA
loci proven to
monocytogenes [82]. In addition to type II TA systems, type I TA systems have also been
display sharply decreased persister levels. However, it was proven in 2017 that these mutant cells were
mediate persister formation. The overexpression of type I TA toxin tisB activated by the SOS response
contaminated by a ϕ80 bacteriophage and the article was retracted [75]. Later, Goormaghtigh et al. [76]
lead toreassessed
a significant
increase
in E. coli persister
formation
[83].that
In 2020,
Habib
et al. linked
[84] first
the role
of mRNases-encoding
TA loci and
demonstrated
they are
not directly
to reported
a novel
type I TA
system Despite
(termed
TMCS)
in S.
aureus
that
persister
formation
by inhibiting
antibiotic
persistence.
this,
evidence
still
suggests
anpromotes
essential role
of TA systems
in E. coli
persister
formation.
example,
Tripathitreatment.
et al. [77] proved
that toxin MazF-mediated
growth
arrest
the efflux
pump
NorA For
under
antibiotic
In summary,
TA systems are
likely
linked to the
leads
to
high
levels
of
persisters
under
antibiotic
exposure.
Harrison
et
al.
[78]
revealed
the
importance
molecular physiology of persister formation.
of the yafQ toxin gene in inducing persisters in antibiotic-exposed biofilms.

Figure 4. Models of Toxin-antitoxin (TA) systems associated with persister formation. (A) Type I TA
it contains a small RNA (sRNA) antitoxin and a protein toxin. In normal conditions, antitoxin
Figuresystem:
4. Models
of Toxin-antitoxin (TA) systems associated with persister formation. (A) Type I TA
inhibits the translation of toxin mRNA. In a stress condition, the antitoxin is degraded, freeing the
system:
it contains a small RNA (sRNA) antitoxin and a protein toxin. In normal conditions, antitoxin
toxin mRNA to be translated. The type I toxin causes bacterial membrane depolarization. (B) Type II
inhibits
translation
mRNA.protein
In a stress
condition,
thetoxin.
antitoxin
is degraded,
TA the
system:
it containsofa toxin
DNA-binding
antitoxin
and a protein
In normal
conditions,freeing the
antitoxin
binds
to the toxin
and
inhibits
its activity.
antitoxin,
as well as most
of type II TA, (B) Type II
toxin the
mRNA
to be
translated.
The
type
I toxin
causesThe
bacterial
membrane
depolarization.
the
complex
can
target
on
the
promoter
and
repress
the
transcription
of
the
toxin
gene.
In stress
TA system: it contains a DNA-binding protein antitoxin and a protein toxin. In normal
conditions, the
conditions, the antitoxin is degraded by Lon or Clp proteases, releasing the toxin to inhibit several
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complex can target on the promoter and repress the transcription of the toxin gene. In stress
Although reports about E. coli persisters and their TA systems are conflicting, positive relationships
between the TA toxin and persister formation are proposed in Salmonella. Helaine and colleagues
discovered that the majority of 14 ppGpp-dependent type II TA operons play key roles in
intramacrophage persister formation [79]. Later, acetyltransferase toxin TacT and three TacT-like toxins
were revealed and their ability to induce persisters by inhibiting translation was further proven [80,81].
On the opposite side, TA II systems do not have a clear effect in S. aureus [52] and L. monocytogenes [82].
In addition to type II TA systems, type I TA systems have also been proven to mediate persister
formation. The overexpression of type I TA toxin tisB activated by the SOS response lead to a significant
increase in E. coli persister formation [83]. In 2020, Habib et al. [84] first reported a novel type I TA
system (termed TMCS) in S. aureus that promotes persister formation by inhibiting the efflux pump
NorA under antibiotic treatment. In summary, TA systems are likely linked to the molecular physiology
of persister formation.
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2.3.3. Persisters in a Biofilm
Biofilms are major contributors to cross-contamination in food processing because they are
tolerant to several stresses and extremely difficult to eliminate [85]. Within a biofilm, cells protected
by self-produced matrix material are less sensitive to antibiotics, high salinity, sanitizer, and a host
immune system compared to planktonic cells [86]. Biofilms can stick on surfaces of stainless steel
of storage and pipe systems. In such a physiological state, these bacteria can pose persistent food
safety issues in the food industries [87]. Biofilm-related infections have led to increased morbidity
and mortality, and cost nearly $450 million per year [88]. As a small part of the biofilm population,
persister-cells (including bacterial spores) are believed to be the essential explanation of biofilm
antibiotic tolerance [89]. This is also of importance should a host become infected with (foodborne)
pathogenic microorganisms. While the majority of sensitive cells in a biofilm are killed by antibiotics,
persister-cells can survive. Once the lethal condition for the bacteria is relieved, persisters within
a biofilm can revert into toxin-secreting vegetative cells that can repopulate industrially relevant
biofilms and/or medically relevant biofilms causing human infection. For instance, biofilms formed on
gallstones act as reservoirs of S. typhi persisters, contributing to the spread of typhoid fever [90].
Within the biofilm microenvironment, an activated SOS stress response and accumulated ppGpp
are important inducers of persister formation [91,92]. This makes biofilms of E. coli, Salmonella,
Bacillus, and Staphylococcus populations contain more persisters than liquid cultures, and these
persisters can maintain their phenotype for up to four weeks on antibiotic-containing nutrient-rich
medium [93]. For E. coli, the TA system MqsR/MqsA directly regulates biofilm formation and the
persistence level through toxin MqsR and CspD as well as through the quorum sensing signal
autoinducer-2 (AI-2) [94]. In S. aureus and Salmonella populations, the master virulence regulator Agr
QS has been proven to serve as a repressor of persister formation by regulating a family of virulence
factors named phenol soluble modulins (PSMs) [95]. The latter play an important role in biofilm
formation [96]. In general, persister formation and biofilm formation reinforce each other with respect
to (environmental) stress resistance.
2.3.4. Small Colony Variants
SCVs are defined as slow-growing pin-prick-sized colonies that are less sensitive to antibiotic
treatments compared to wildtype pathogens and can revert to a normal phonotype after stress
removal [97]. Since the first report about associations between SCVs and persistent infection in
1995 [98], researchers have found that SCVs exist in a wide range of bacteria and are linked to
several chronic diseases [99]. In addition, SCVs can promote pathogenicity by promoting biofilm
formation [81], presumably facilitated by overexpressing adhesins [100] and by impairing host
immunity via necroptosis induction [101].
It was found that environmental stress, antibiotic therapy, and adverse physiological conditions
inside eukaryotic cells, are inducers of SCVs. For example, long-term cold stress raises the proportion
of S. aureus SCVs with thicker and diffuse cell walls [102]. Exposure to quinolones [103] and
aminoglycosides [104] can also lead to S. aureus SCVs. Vulin et al. [105] observed that S. aureus SCVs
isolated from clinical infections and culture under in vitro stress conditions, displayed a prolonged lag
time. Further research showed that such a prolonged lag time that can be induced after is antibiotic
exposure in vitro. This suggests that antibiotics may increase SCV formation, and, thus, the risk of
persister formation in the clinic.
Though most SCVs-related studies use S. aureus as model strains, SCV formation is also used
as a survival strategy by Salmonella. SCVs form in Salmonella planktonic and biofilm cultures when
exposed to a high concentration of ciprofloxacin and ceftazidime [106]. Moreover, the formation of
SCVs is recognized as part of persistent Salmonella [99] infection. Such SCVs, localized within host
cells, can last for several weeks and contribute to a relapse of infection.
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2.3.5. L-Form Bacteria
Another type of persister is the unstable L-form cell. L-forms were first observed and named
by Emmy Klieneberger in 1935 [107]. Under certain stress conditions, bacteria can form stable
and unstable L-form populations presenting either as protoplasts with no cell-wall or spheroplasts
with an incomplete cell-wall. While stable L-form populations are generated by genetic mutations,
unstable ones are phenotypic variants that can revert to normal walled cells after the removal of the
inducer. Unstable L-form S. aureus can be produced in culture media including special contents, such as
osmo-protective compounds as well as serum and cell wall biogenesis inhibiting antibiotics [108].
This presents unique features such as pleomorphism, slow growth, and the formation of “fried egg”
colonies on soft agar [109]. They are associated with recurrent and chronic diseases that are resistant to
cell-wall targeting antibiotics methicillin and oxacillin [110]. Han et al. [108] provided evidence that
the glpF gene and glpK gene involved in glycerol uptake and cell membrane synthesis are essential
for unstable L-forms formation and persister level in an S. aureus population. A multitude of studies
reported stable L-form cells in Bacillus subtilis and E. coli populations [111], but little is known about
unstable L-form cells, partly due to the difficulty to separate and maintain these cells.
2.3.6. Intracellular Persisters
S. Typhimurium is able to invade macrophage cells to escape from antibiotic treatment and
the host immune system. During this process, vacuolar acidification and nutritional limitation
circumstances stimulate a portion of cells to switch to a metabolically-active persister phenotype
through a TA system [79]. Another typical intracellular pathogen L. monocytogenes has long been
considered as a cytosolic bacterium [112]. However, it has been recently revealed that subpopulations
of L. monocytogenes can switch from a cytosolic actin-based motile lifestyle into a non/slow-growing
persister state in vacuoles, which may contribute to the asymptomatic period of listeriosis [113]
and chronic infections. During this process, spacious Listeria-containing vacuoles (SLAPs) in
phagocytic cells of severe combined immunodeficiency mice [114] and lysosome-like vacuoles
termed Listeria-Containing Vacuoles (LisCVs) in in vitro cultured hepatocytes and trophoblast
cells are seen [115]. The environmental conditions in these vacuoles are considered to promote
persister formation. However, in vivo evidence, such as LisCVs formation and clinical isolation of
L. monocytogenes persisters, are still scarce but available [113,116].
2.3.7. Sporulation
Under extreme conditions—like long-term starvation, heat stress, the presence of toxic compounds,
or radiation, Bacillus is able to form spores that can survive for decades through a process
known as sporulation (Figure 5). Compared to vegetative cells, spores are more tolerant to harsh
environments, such as acid (pH value: 1–5.2), an elevated temperature (2 min at 95 ◦ C or 32 min at
85 ◦ C), antibiotic exposure, cold, irradiation, food preservatives, antibiotic treatment, and stomach
passage [117], making them very hard to eradicate. Noticeably, spores from pathogens such
B. cereus can be easily transferred from soil or water to food and remain in food products for a
long period [118]. When conditions become favorable, spores can germinate and grow out into
vegetative cells. Germination can occur at temperatures ranging from 5–50 ◦ C in cooked food and
−1–59 ◦ C in culture media, which further increases the infection risk of B. cereus [119]. It was found
that floating B. cereus cells maintain a stationary phase with high infectivity to host cells without
forming spores [37]. In contrast, spores within biofilms on the food contact surface account for a
potentially large part of B. cereus infection after cleaning and disinfection procedures in the food
chain. These two co-existing forms of the bacterium allow B. cereus to efficiently survive in different
environmental niches.
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Figure 5. Model of the vegetative cycle and sporulation, germination, and outgrowth of B. cereus.
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bacteria, teichoic acids of Gram-positive bacteria, and phospholipids of the bacterial membrane), and
amphipathic propensity, which allow AMPs to fold into both hydrophobic and hydrophilic
structures [122]. After attaching to the bacterial cytoplasmic membrane, a wide range of AMPs insert
into the bilayers and subsequently cause membrane structural disruption and permeabilization. In
vitro studies with artificial membranes have led to three proposed models [123–125], namely (1) the

AMPs induce membrane disintegration by various transient holes like a carpet, used by AMPs like
caerin 1.1 and cecropins, (3) the barrel-stave pore (Figure 6C), which is a highly ordered cylindrical
water pore surrounded by peptides and is linked to hydrophobic peptides such as alamethicin.
Recently, it was found that SAAP-148, an artificial AMP derived from LL-37, strongly disturbs
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forming transient pores or receptor-mediated processes [130]. For instance, buforin II uses a proline
hinge as a cell-penetrating promoter and then inhibits DNA and RNA synthesis in E. coli [131].
The 13-amino acid indolicidin translocates by membrane permeation, then stabilizes duplex DNA,
and, consequently, halts DNA replication and transcription. Its synthetic 13-residue variant CP10A
interacts with the membrane and shows inhibitory ability against DNA, RNA, and protein synthesis
in treated S. aureus [132]. Microcin J25 isolated from E. coli fecal strain AY25 can kill Salmonella by
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binding and obstructing the second channel of RNA polymerase [133] and inhibiting the cell division
process of other E. coli cells [134]. eNAP-2 generated by equine neutrophils can eradicate E. coli by
non-covalently binding to the bacterial serine proteases subtilisin A and proteinase K [135]. Nisin,
which is the most investigated lantibiotic, is commonly used against Gram-positive pathogens like
S. aureus and Bacillus spores, and targets lipid II, inhibiting cell wall synthesis [136].
3.1.3. Immunomodulatory AMPs
Except for inherent antimicrobial activity, certain AMPs (also termed as host-defense peptides
(HDPs)) are found to modulate the host immune system in vivo and in vitro by manipulating immune
and pro-inflammatory/anti-inflammatory responses, such as chemo-attraction and programmed cell
death, contributing to the clearance of pathogens, as well as their persisters. Moreover, evidence shows
that the alterations of HDPs levels are related to diverse (multiple) infection events and inflammation.
This phenomenon can potentially be used as a biomarker for such diseases [137]. In terms of foodborne
pathogens causing diarrhea and infectious colitis (such as E. coli, Salmonella and Listeria), DHPs produced
by colonic epithelial cells and leukocytes are crucial parts of the innate immune response in the colon
against these enteropathogenic bacteria [138].
In humans, cathelicidin and β-structured defensins are two primary families of HDPs, related to
both innate and adaptive immunity [139]. There is only one human cathelicidin—hCAP18, secreted by
a range of cells including mucosal epithelial cells, mast cells, and various immune cells [140]. LL-37 is
cleaved from the C-terminal of hCAP18 by serine proteases [137], and is one of the best studies
human AMPs. As an immunomodulatory AMP, LL-37 cannot only rapidly kill a wide range of
pathogens by creating transmembrane pores, but also work as an “alarmin” that modulates immune
mechanisms [141]. Specifically, LL-37 interacts with more than 16 protein receptors and, consequently,
putatively modulates expression of hundreds of genes and thousands of second receptor proteins.
As a result, it modulates various pro-inflammatory and anti-inflammatory activities depending on the
cell type and inflammatory stimuli [139].
Similar to cathelicidin, defensins possess both effective bactericidal function and relatively modest
regulatory activity in inflammation and immunity. Human defensins are cysteine-rich peptides,
including two subgroups: α- and β-defensins. α-Defensins, also known as human neutrophil
peptides (HNPs), are produced by azurophilic neutrophil granules (HNP1-4) or by Paneth cells
(HD5-6) in intestinal mucosa. In comparison, β-defensins (hBDs) are longer peptides with more
lysines, mainly released by epithelial cells and immune cells such as macrophages. For now, at least
48 human hBDs gene are found and six hBDs have been characterized (hBD1-6) [142], regulating the
immune system by inducing chemotaxis secretion and promoting the maturation and activation of
leukocytes [143].
3.2. Application of AMPs Against Foodborne Pathogens and Persisters
3.2.1. AMPs Used in Food
Bacteriocins are small, heat-stable, ribosomally-synthesized AMPs or proteins generated by
many bacteria, prominently including lactic acid bacteria (LAB). Due to their characteristics of
effectively eradicating foodborne pathogens and persisters as well as being harmless and easily
digested in the human digestive tract, bacteriocins and corresponding LAB are traditionally used
as food preservers [144]. Unlike other AMPs, most bacteriocins have a relatively narrow spectrum
of antimicrobial activity against closely-related bacteria [145]. Normally, there are three categories
of bacteriocins-based food preservation strategies: antimicrobial solution with partially purified
bacteriocins, bacteriocin-containing fermented products, and bacteriocin-producing microbes [146].
Structurally, bacteriocins can be divided into four groups in which class I–II are peptides smaller than
5 kDa and 10 kDa, respectively, and class III–IV are antimicrobial proteins that are not mentioned in
this review.
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Class I bacteriocins, also known as lantibiotics, are composed of post-translationally modified
peptides with unusual amino acids like lanthionine [147]. With broad-spectrum and efficient killing
activity, nisin is the most famous class I bacteriocin used to improve food safety. Nisin is produced by
Lactococcus lactis, and acts against Gram-positive pathogens including L. monocytogenes and S. aureus
by binding to lipid II and consequently halting cell wall biosynthesis as well as making holes in the
membrane [136]. In addition, Omardien et al. [128] discovered that nisin inhibits Bacillus spore outgrowth
via its perturbing effect on the inner spore membrane. Another class I bacteriocin, lacticin 3147 is used
by a veterinarian cooperatively with nisin against mastitis in cows. Besides, lacticin 3147 shows higher
B. cereus killing efficiency than nisin [148]. Class II bacteriocins (non-lantibiotics) contain non-modified
peptides and are divided into five subgroups IIa–IIe. Among them, Class IIa pediocin-like bacteriocins
from several Gram-positive bacteria are majorly used agents to prevent L. monocytogenes by targeting
bacterial mannose phosphotransferase [145]. Nisin and pediocin have been approved for commercial
use in food, which further led to steadily growing usage of bacteriocins and bacteriocin-producing
LAB in the dairy industry to prevent foodborne pathogens [149].
3.2.2. AMP-Based Detection of Foodborne Pathogens and Persisters
Compared with traditional detective strategies for foodborne pathogens including colony counting,
the polymerase chain reaction (PCR) test, immunology-based assays, and test kits, biosensors possess
significant advantages such as high sensitivity, efficiency, and convenience [150]. AMPs can also
be used to develop biosensors due to their stability, flexibility, low-cost, easy synthesis, and high
affinity [151]. Most importantly, compared to commonly used aptamers-based and antibiotics-based
biosensors, AMPs-based biosensors can effectively attach on the outer membrane of pathogenic bacteria
including persisters, and provide real-time food pathogens detection. Compared to antibody-based
sensors, AMP-based biosensors are more cost-effective. It was speculated that the attachment of the
immobilized AMPs to the bacteria is achieved via electrical and hydrophobic interaction between
AMPs and the bacterial membrane [152], but the interactive mechanism has only been sparsely studied
in the biosensing field.
For AMP-based biosensors, availability and sensitivity of selected AMPs are of great importance.
Mannoor et al. [153] designed a biosensor with magainin I immobilized on microelectrodes to
detect Gram-negative pathogens and achieve a limit of detection (LOD) of 103 cfu/mL for E. coli. Later,
Jiang et al. [154] optimized Mannoor’s module by changing magainin I into Colicin V, thus, reducing the
LOD of E. coli to 102 cfu/mL. For Gram-positive pathogens, Etayash et al. [155] successfully proposed a
biosensor containing immobilized Class IIa bacteriocins leucocin A with a LOD for L. monocytogenes
of 103 cfu/mL. A colorimetric biosensor based on HRP-AMPs (AMPs conjugated with horseradish
peroxidase as a detection probe) can decrease the LOD for E. coli O157:H7 to 13 cfu/mL [156].
Moreover, the integration with emerging technologies such as nanomaterials and microfluidics
can further improve the efficiency and portability of AMPs-based biosensors [152,157]. Therefore,
AMPs are potential alternatives to develop productive and sensitive biosensors for detecting foodborne
pathogens as well as persisters.
3.2.3. Eradication of Persisters in Infection
Even though persister-cells can survive in stress conditions such as low nutrition and antibiotic
exposure, they still need an intact membrane to remain viable. In this case, the ability to perturb
the bacterial membrane makes AMPs powerful drug candidates against persisters. In addition,
extensive research proved that many membrane-targeting AMPs show anti-biofilm activity, which also
contributes to persister eradication. For instance, LL-37 displays broad-spectrum bactericidal activity
by membrane-perturbing, pore-forming, and biofilm removal activities [158]. The artificial AMP
SAAP-148, derived from LL-37, has high efficiency against S. aureus persisters as well as its biofilms
without resistance selection [126]. Chen et al. [159] reported that cationic AMPs containing a varying
number of arginine and tryptophan repeats effectively kill E. coli persisters and significantly enhance
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the susceptibility of biofilms to antibiotics. Human blood platelet-based TC-19, thrombocidin-based
TC-84, and the designed peptide BP2 can inhibit the outgrowth of germinated Bacillus spores by
perturbing their inner membrane [128]. Except for directly killing persister-cells by targeting cellular
membranes or biofilms, novel AMPs were developed in silico to inhibit TA complexes that induce
persister formation, and are proposed as a potential method against L. monocytogenes persisters [160].
The combination of AMPs and other bactericidal methods is another, potentially synergistic,
way to combat persisters. Chen et al. [159] discovered that, while using AMP (RW)4-NH2 alone can kill
up to 99% E. coli persisters in planktonic culture and 98% persistent cells in a mature biofilm, the synergy
of ofloxacin and (RW)4-NH2 can completely eradicate viable cells including persisters. Based on the
cell-penetrating characteristic of intracellular AMPs, Schmidt et al. [161] re-engineered antibiotics by
adding 12 residues AMP on tobramycin to give it a membrane-penetrating activity. This composite
antimicrobial agent named pentobra shows high killing efficiency against E. coli and S. aureus persisters.
Rishi et al. [162] illustrated that the synergy of nisin and ampicillin is a successful method to kill
S. Typhimurium persisters in the presence of mannitol, which is used to restore the antimicrobial
susceptibility of persisters. Hence, the combination of AMPs, antibiotics, and metabolizable sugars
also provides a potential strategy for persister eradication. Furthermore, the conjunction of nisin and
physical methods, such as high pressure or high temperature, to control microbial contamination have
a demonstrated stronger ability to eliminate recalcitrant Bacillus spores [117].
3.3. Challenges with AMPs Application
A growing number of AMPs have been proposed as effective agents that could be potentially
used as not only bactericidal products, anti-persister agents, food additives, and foodborne pathogen
detectors, but also immunity regulators and wound healers. Actually, a range of AMPs are proven
as anti-infective agents and are currently assessed in the last clinical trial stage trail [163]. However,
due to the complexity of application of AMPs, only around 60 AMPs are approved as therapeutic
peptides [164] and 7 AMPs are permitted by the U.S. Food and Drug Administration for now [165].
Inherent disadvantages that hinder the application of AMPs in both food industry and clinical practice
against foodborne illness are the instability in certain conditions like complex media with proteases
and acid presence, short half-life, potential toxicity, and low metabolic stability [12]. For example,
AMPs drugs are prone to be degraded by proteolytic enzymes in oral, tissue, or blood plasma [166],
which may explain the phenomenon where some AMPs that are active in vitro require a higher dose
to effectively eradicate pathogens and persisters in infectious animal models. The other possible
explanation is that persisters induced by different triggers may show divergent properties and abilities
against AMPs and other antimicrobial agents, which need to be further researched.
Moreover, although AMPs have a much lower propensity of inducing resistant cells compared to
antibiotics, AMP resistance has been observed in certain bacteria to be mediated by reduced interaction,
membrane modification, increased efflux, proteolytic degradation, and mutation [122]. For example,
a variant Lipopolysaccharides (LPS) modification can be found in S. typhimurium populations under
stress conditions, which leads to lower interaction with AMPs [167]. Last but not least, AMPs generally
show broad-spectrum antimicrobial activities and have relatively low specificity to target on one certain
species, which may affect the application of AMPs for systemic treatment [168] and the specificity of
AMPs-based biosensors to meet the needs of practical application.
With deeper understanding of AMPs and improvement of related technologies such as smart
formulation strategies and advanced chemical synthesis protocols, it is believed that the development
and application of novel AMP-based agents, even though laborious, has a bright prospect.
4. Conclusions and Prospect
Foodborne pathogens have caused severe impact both in terms of health as well as financially.
Unfortunately, the existence of persistent pathogens related to food contamination as well as recurrent
and chronic diseases significantly exacerbate this phenomenon. Persisters are non-heritable phenotypic
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variants that universally exist among almost all species of bacteria. They can be heterogeneously
generated under normal conditions that allow part of the bacterial population to be pre-prepared for
future stress. Persisters can also be induced under stress conditions and revert to wild types after
stress removal to maintain bacterial vitality of the population as a whole. Molecular physiological
research into the mode of actions of persister formation and their behavior in infection are much
needed to understand the mechanisms at the basis of persister-cell formation both in the food
harvesting/manufacturing chain as well as upon human consumption.
Due to the dormant character of persisters, traditional antibiotics that highly depend on active
metabolism fail to kill these cells. As one of the most promising strategies against persisters, AMPs have
been in the spotlight in recent decades. Currently, known AMPs are, or are synthesized based on
short peptides generated as part of the defense system of most if not all living organisms, from protist
to human. With activities like membrane perturbation, intracellular perturbation of metabolism
and immunomodulation, AMPs are highly recommended as “next-generation antibiotics” with
broad-spectrum antimicrobial activities. Furthermore, AMPs and their synergy with other certain
anti-pathogen methods also show high efficiency against highly recalcitrant pathogenic persisters.
Certain AMPs and their producers are powerful candidates as food preservatives to combat potential
pathogens. Studies on AMP-based biosensing have made great progress to identify the presence of
foodborne pathogens and their persisters, but the precision and accuracy still need to be improved.
In the future, the complete understanding of structural features is essential to design or modify AMPs
with increased stability, potency, and sensitivity as well as reduced hemolysis to meet the requirements
of therapeutic and (food) product use.
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Yeni, F.; Yavaş, S.; Alpas, H.; Soyer, Y. Most Common Foodborne Pathogens and Mycotoxins on Fresh
Produce: A Review of Recent Outbreaks. Crit. Rev. Food Sci. Nutr. 2016, 56, 1532–1544. [CrossRef] [PubMed]
Levin-Reisman, I.; Brauner, A.; Ronin, I.; Balaban, N.Q. Epistasis between antibiotic tolerance, persistence,
and resistance mutations. Proc. Natl. Acad. Sci. USA 2019, 116, 14734–14739. [CrossRef] [PubMed]
Lewis, K. Persister Cells. Annu. Rev. Microbiol. 2010, 64, 357–372. [CrossRef]
Hobby, L. Observations on the Mechanism of Action of Penicillin. Exp. Biol. Med. 1942. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8967

5.
6.
7.
8.
9.
10.
11.

12.
13.
14.
15.

16.
17.
18.

19.
20.
21.
22.

23.

24.
25.

26.
27.

17 of 24

Bigger, J.W. The bactericidal action of penicillin on Staphylococcus pyogenes. Ir. J. Med. Sci. 1944, 19, 585–595.
[CrossRef]
Wilmaerts, D.; Windels, E.M.; Verstraeten, N.; Michiels, J. General Mechanisms Leading to Persister Formation
and Awakening. Trends Genet. 2019, 35, 401–411. [CrossRef]
van den Bergh, B.; Fauvart, M.; Michiels, J. Formation, physiology, ecology, evolution and clinical importance
of bacterial persisters. FEMS Microbiol. Rev. 2017, 41, 219–251. [CrossRef]
Fisher, R.A.; Thurston, T.L.; Saliba, A.; Blommestein, I.; Vogel, J.; Helaine, S. Salmonella persisters undermine
host immune defenses during antibiotic treatment. Science 2018, 1160, 1156–1160.
Balaban, N.Q.; Merrin, J.; Chait, R.; Kowalik, L.; Leibler, S. Bacterial persistence as a phenotypic switch.
Science 2004, 305, 1622–1625. [CrossRef]
Levin-Reisman, I.; Ronin, I.; Gefen, O.; Braniss, I.; Shoresh, N.; Balaban, N.Q. Antibiotic tolerance facilitates
the evolution of resistance. Science 2017, 355, 826–830. [CrossRef]
Bakkeren, E.; Huisman, J.S.; Fattinger, S.A.; Hausmann, A.; Furter, M.; Egli, A.; Slack, E.; Sellin, M.E.;
Bonhoeffer, S.; Regoes, R.R.; et al. Salmonella persisters promote the spread of antibiotic resistance plasmids
in the gut. Nature 2019, 573, 276–280. [CrossRef] [PubMed]
Bahar, A.A.; Ren, D. Antimicrobial peptides. Pharmaceuticals 2013, 6, 1543–1575. [CrossRef] [PubMed]
Zhang, L.J.; Gallo, R.L. Antimicrobial peptides. Curr. Biol. 2016, 26, R14–R19. [CrossRef] [PubMed]
Le, C.-F.; Fang, C.-M.; Sekaran, S.D. Intracellular Targeting Mechanisms by Antimicrobial Peptides.
Antimicrob. Agents Chemother. 2017, 61, e02340-16. [CrossRef] [PubMed]
Koppen, B.C.; Mulder, P.P.G.; de Boer, L.; Riool, M.; Drijfhout, J.W.; Zaat, S.A.J. Synergistic microbicidal effect
of cationic antimicrobial peptides and teicoplanin against planktonic and biofilm-encased Staphylococcus
aureus. Int. J. Antimicrob. Agents 2019, 53, 143–151. [CrossRef]
Hezam, A.M.; Al-Jasimme, A.S.; Emran, K. A Review on Bacterial Food-Borne Disease. Int. J. Res. Pharm. Sci.
2019, 10, 3223–3228. [CrossRef]
Connerton, I.F.; Connerton, P.L. Campylobacter Foodborne Disease, 3rd ed.; Elsevier Inc.: Amsterdam,
The Netherlands, 2017; ISBN 9780123850072.
Morcrette, H.; Kovacs-Simon, A.; Tennant, R.K.; Love, J.; Wagley, S.; Yang, Z.R.; Studholme, D.J.; Soyer, O.S.;
Champion, O.L.; Butler, C.S.; et al. Campylobacter jejuni 11168H Exposed to Penicillin Forms Persister Cells
and Cells With Altered Redox Protein Activity. Front. Cell. Infect. Microbiol. 2020, 10, 1–10. [CrossRef]
Ovsepian, A.; Larsen, M.H.; Vegge, C.S.; Ingmer, H. Ciprofloxacin-induced persister-cells in Campylobacter
jejuni. Microbiology 2020, 166, 849–853. [CrossRef]
Fàbrega, A. Salmonella enterica Serovar Typhimurium Skills To Succeed in the Host: Virulence and Regulation.
Clin. Microbiol. Rev. 2013, 26, 308–341. [CrossRef]
Crump, J.A.; Luby, S.P.; Mintz, E.D. The global burden of typhoid fever. Bull. World Health Organ. 2004, 82,
346–353.
Park, J.-H.; Oh, S.-S.; Oh, K.-H.; Shin, J.; Jang, E.J.; Jun, B.-Y.; Youn, S.-K.; Cho, S.-H. Diarrheal Outbreak
Caused by Atypical Enteropathogenic Escherichia coli O157:H45 in South Korea. Foodborne Pathog. Dis. 2014,
11, 775–781. [CrossRef] [PubMed]
Vidovic, S.; Korber, D.R. Escherichia coli O157: Insights into the adaptive stress physiology and the influence
of stressors on epidemiology and ecology of this human pathogen. Crit. Rev. Microbiol. 2016, 42, 83–93.
[CrossRef] [PubMed]
Mir, R.A.; Kudva, I.T. Antibiotic-resistant Shiga toxin-producing Escherichia coli: An overview of prevalence
and intervention strategies. Zoonoses Public Health 2019, 66, 1–13. [CrossRef] [PubMed]
Pasqua, M.; Michelacci, V.; Di Martino, M.L.; Tozzoli, R.; Grossi, M.; Colonna, B.; Morabito, S.; Prosseda, G.
The Intriguing Evolutionary Journey of Enteroinvasive E. coli (EIEC) toward Pathogenicity. Front. Microbiol.
2017, 8, 2390. [CrossRef] [PubMed]
Okhuysen, P.C.; DuPont, H.L. Enteroaggregative Escherichia coli (EAEC): A Cause of Acute and Persistent
Diarrhea of Worldwide Importance. J. Infect. Dis. 2010, 202, 503–505. [CrossRef]
Harro, C.; Bourgeois, A.L.; Sack, D.; Walker, R.; Denearing, B.; Brubaker, J.; Maier, N.; Fix, A.; Dally, L.;
Chakraborty, S.; et al. Live attenuated enterotoxigenic Escherichia coli (ETEC) vaccine with dmLT adjuvant
protects human volunteers against virulent experimental ETEC challenge. Vaccine 2019, 37, 1978–1986.
[CrossRef]

Int. J. Mol. Sci. 2020, 21, 8967

28.
29.
30.

31.
32.

33.
34.
35.
36.
37.

38.
39.
40.

41.

42.

43.

44.
45.

46.
47.
48.
49.

18 of 24

Fetsch, A.; Johler, S. Staphylococcus aureus as a Foodborne Pathogen. Curr. Clin. Microbiol. Rep. 2018, 5,
88–96. [CrossRef]
Brown, A.F.; Leech, J.M.; Rogers, T.R.; McLoughlin, R.M. Staphylococcus aureus colonization: Modulation of
host immune response and impact on human vaccine design. Front. Immunol. 2013, 4, 507. [CrossRef]
Johler, S.; Weder, D.; Bridy, C.; Huguenin, M.-C.; Robert, L.; Hummerjohann, J.; Stephan, R. Outbreak of
staphylococcal food poisoning among children and staff at a Swiss boarding school due to soft cheese made
from raw milk. J. Dairy Sci. 2015, 98, 2944–2948. [CrossRef]
Thomer, L.; Schneewind, O.; Missiakas, D. Pathogenesis of Staphylococcus aureus Bloodstream Infections.
Annu. Rev. Pathol. Mech. Dis. 2016, 11, 343–364. [CrossRef]
Hogan, S.; Zapotoczna, M.; Stevens, N.T.; Humphreys, H.; O’Gara, J.P.; O’Neill, E. Potential use of targeted
enzymatic agents in the treatment of Staphylococcus aureus biofilm-related infections. J. Hosp. Infect. 2017,
96, 177–182. [CrossRef] [PubMed]
Levels, C. Listeria monocytogenes in Fresh Produce: Outbreaks, Prevalence and Contamination Levels.
Foods 2017, 6, 21. [CrossRef]
Camargo, A.C.; Woodward, J.J.; Nero, L.A. The Continuous Challenge of Characterizing the Foodborne
Pathogen Listeria monocytogenes. Foodborne Pathog. Dis. 2016, 13, 405–416. [CrossRef]
Gandhi, M.; Chikindas, M.L. Listeria: A foodborne pathogen that knows how to survive. Int. J. Food Microbiol.
2007, 113, 1–15. [CrossRef] [PubMed]
Osimani, A.; Aquilanti, L.; Clementi, F. Bacillus cereus foodborne outbreaks in mass catering. Int. J.
Hosp. Manag. 2018, 72, 145–153. [CrossRef]
Caro-Astorga, J.; Frenzel, E.; Perkins, J.R.; Álvarez-Mena, A.; de Vicente, A.; Ranea, J.A.G.; Kuipers, O.P.;
Romero, D. Biofilm formation displays intrinsic offensive and defensive features of Bacillus cereus.
NPJ Biofilms Microbiomes 2020, 6. [CrossRef]
Messelhäußer, U.; Ehling-Schulz, M. Bacillus cereus—A Multifaceted Opportunistic Pathogen. Curr. Clin.
Microbiol. Rep. 2018, 5, 120–125. [CrossRef]
Vidic, J.; Chaix, C.; Manzano, M.; Heyndrickx, M. Food sensing: Detection of Bacillus cereus Spores in Dairy
Products. Biosensors 2020, 10, 15. [CrossRef]
Naranjo, M.; Denayer, S.; Botteldoorn, N.; Delbrassinne, L.; Veys, J.; Waegenaere, J.; Sirtaine, N.; Driesen, R.B.;
Sipido, K.R.; Mahillon, J.; et al. Sudden death of a young adult associated with Bacillus cereus food poisoning.
J. Clin. Microbiol. 2011, 49, 4379–4381. [CrossRef]
Koizumi, Y.; Okuno, T.; Minamiguchi, H.; Hodohara, K.; Mikamo, H.; Andoh, A. Survival of a case of
Bacillus cereus meningitis with brain abscess presenting as immune reconstitution syndrome after febrile
neutropenia—A case report and literature review-. BMC Infect. Dis. 2020, 20, 15. [CrossRef]
Jessberger, N.; Kranzler, M.; Da Riol, C.; Schwenk, V.; Buchacher, T.; Dietrich, R.; Ehling-Schulz, M.;
Märtlbauer, E. Assessing the toxic potential of enteropathogenic Bacillus cereus. Food Microbiol. 2019,
84, 103276. [CrossRef] [PubMed]
Senneville, E.; Joulie, D.; Legout, L.; Valette, M.; Dezèque, H.; Beltrand, E.; Roselé, B.; D’Escrivan, T.; Loïez, C.;
Caillaux, M.; et al. Outcome and predictors of treatment failure in total hip/knee prosthetic joint infections
due to staphylococcus aureus. Clin. Infect. Dis. 2011, 53, 334–340. [CrossRef] [PubMed]
Corne, P.; Marchandin, H.; MacIa, J.C.; Jonquet, O. Treatment failure of methicillin-resistant Staphylococcus
aureus endocarditis with linezolid. Scand. J. Infect. Dis. 2005, 37, 946–949. [CrossRef] [PubMed]
Goneau, L.W.; Yeoh, N.S.; MacDonald, K.W.; Cadieux, P.A.; Burton, J.P.; Razvi, H.; Reid, G. Selective
target inactivation rather than global metabolic dormancy causes antibiotic tolerance in uropathogens.
Antimicrob. Agents Chemother. 2014, 58, 2089–2097. [CrossRef] [PubMed]
Fauvart, M.; de Groote, V.N.; Michiels, J. Role of persister cells in chronic infections: Clinical relevance and
perspectives on anti-persister therapies. J. Med. Microbiol. 2011, 60, 699–709. [CrossRef] [PubMed]
Orman, M.A.; Brynildsen, M.P. Inhibition of stationary phase respiration impairs persister formation in E.
coli. Nat. Commun. 2015, 6, 7983. [CrossRef]
Orman, M.A.; Brynildsen, M.P. Dormancy Is Not Necessary or Sufficient for Bacterial Persistence.
Antimicrob. Agents Chemother. 2013, 57, 3230–3239. [CrossRef]
Balaban, N.Q.; Helaine, S.; Lewis, K.; Ackermann, M.; Aldridge, B.; Andersson, D.I.; Brynildsen, M.P.;
Bumann, D.; Camilli, A.; Collins, J.J.; et al. Definitions and guidelines for research on antibiotic persistence.
Nat. Rev. Microbiol. 2019, 17, 441–448. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8967

50.

51.
52.

53.
54.

55.

56.

57.

58.
59.

60.
61.
62.
63.
64.
65.

66.
67.
68.

69.
70.

19 of 24

Hofsteenge, N.; van Nimwegen, E.; Silander, O.K. Quantitative analysis of persister fractions suggests
different mechanisms of formation among environmental isolates of E. coli. BMC Microbiol. 2013, 13, 25.
[CrossRef]
Amato, S.M.; Brynildsen, M.P. Persister Heterogeneity Arising from a Single Metabolic Stress. Curr. Biol.
2015, 25, 2090–2098. [CrossRef]
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. [CrossRef] [PubMed]
Shan, Y.; Brown Gandt, A.; Rowe, S.E.; Deisinger, J.P.; Conlon, B.P.; Lewis, K. ATP-Dependent Persister
Formation in Escherichia coli. mBio 2017, 8, e02267-16. [CrossRef] [PubMed]
Wang, Y.; Bojer, M.S.; George, S.E.; Wang, Z.; Jensen, P.R.; Wolz, C.; Ingmer, H. Inactivation of TCA cycle
enhances Staphylococcus aureus persister cell formation in stationary phase. Sci. Rep. 2018, 8, 1–13.
[CrossRef] [PubMed]
Helaine, S.; Cheverton, A.M.; Watson, K.G.; Faure, L.M.; Matthews, S.A.; Holden, D.W. Internalization of
Salmonella by Macrophages Induces Formation of Nonreplicating Persisters. Science 2014, 343, 204–208.
[CrossRef]
de Vries, Y.P.; Hornstra, L.M.; de Vos, W.M.; Abee, T. Growth and Sporulation of Bacillus cereus ATCC 14579
under Defined Conditions: Temporal Expression of Genes for Key Sigma Factors. Appl. Environ. Microbiol.
2004, 70, 2514–2519. [CrossRef]
Xu, T.; Han, J.; Zhang, J.; Chen, J.; Wu, N.; Zhang, W. Absence of Protoheme IX Farnesyltransferase
CtaB Causes Virulence Attenuation but Enhances Pigment Production and Persister Survival in MRSA.
Front. Microbiol. 2016, 7, 1625. [CrossRef]
Pontes, M.H.; Groisman, E.A. Slow growth determines nonheritable antibiotic resistance in Salmonella
enterica. Sci. Signal. 2019, eaax3938. [CrossRef]
Pacios, O.; Blasco, L.; Bleriot, I.; Fernandez-Garcia, L.; Ambroa, A.; López, M.; Bou, G.; Cantón, R.;
Garcia-Contreras, R.; Wood, T.K.; et al. (p)ppGpp and its role in bacterial persistence: New challenges.
Antimicrob. Agents Chemother. 2020. [CrossRef]
Gaca, A.O.; Colomer-Winter, C.; Lemos, J.A. Many means to a common end: The intricacies of (p)ppGpp
metabolism and its control of bacterial homeostasis. J. Bacteriol. 2015, 197, 1146–1156. [CrossRef]
Maisonneuve, E.; Castro-Camargo, M.; Gerdes, K. (p)ppGpp controls bacterial persistence by stochastic
induction of toxin-antitoxin activity. Cell 2013, 154, 1140–1150. [CrossRef]
Song, S.; Wood, T.K. ppGpp ribosome dimerization model for bacterial persister formation and resuscitation.
Biochem. Biophys. Res. Commun. 2020, 523, 281–286. [CrossRef] [PubMed]
Svenningsen, M.S.; Veress, A.; Harms, A.; Mitarai, N.; Semsey, S. Birth and Resuscitation of (p)ppGpp
Induced Antibiotic Tolerant Persister Cells. Sci. Rep. 2019, 9, 6056. [CrossRef] [PubMed]
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]
Gao, W.; Chua, K.; Davies, J.K.; Newton, H.J.; Seemann, T.; Harrison, P.F.; Holmes, N.E.; Rhee, H.-W.;
Hong, J.-I.; Hartland, E.L.; et al. Two Novel Point Mutations in Clinical Staphylococcus aureus Reduce
Linezolid Susceptibility and Switch on the Stringent Response to Promote Persistent Infection. PLoS Pathog.
2010, 6, e1000944. [CrossRef]
Page, R.; Peti, W. Toxin-antitoxin systems in bacterial growth arrest and persistence. Nat. Chem. Biol. 2016,
12, 208–214. [CrossRef]
Wen, Y.; Behiels, E.; Devreese, B. Toxin—Antitoxin systems: Their role in persistence, biofilm formation, and
pathogenicity. Pathog. Dis. 2014, 240–249. [CrossRef]
Brown, B.L.; Lord, D.M.; Grigoriu, S.; Peti, W.; Page, R. The Escherichia coli toxin MqsR destabilizes the
transcriptional repression complex formed between the antitoxin MqsA and the mqsRA operon promoter.
J. Biol. Chem. 2013, 288, 1286–1294. [CrossRef]
Falla, T.J.; Chopra, I. Stabilization of Rhizobium symbiosis plasmids. Microbiology 1999, 145, 515–516.
[CrossRef]
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]

Int. J. Mol. Sci. 2020, 21, 8967

71.
72.

73.
74.
75.
76.

77.
78.

79.

80.

81.

82.
83.
84.
85.

86.
87.
88.
89.
90.

91.

20 of 24

Korch, S.B.; Hill, T.M. Ectopic overexpression of wild-type and mutant hipA genes in Escherichia coli:
Effects on macromolecular synthesis and persister formation. J. Bacteriol. 2006, 188, 3826–3836. [CrossRef]
Bokinsky, G.; Baidoo, E.E.K.; Akella, S.; Burd, H.; Weaver, D.; Alonso-Gutierrez, J.; García-Martín, 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] [PubMed]
Chowdhury, N.; Kwan, B.W.; Wood, T.K. Persistence Increases in the Absence of the Alarmone Guanosine
Tetraphosphate by Reducing Cell Growth. Sci. Rep. 2016, 6, 20519. [CrossRef] [PubMed]
Maisonneuve, E.; Shakespeare, L.J.; Jørgensen, M.G.; Gerdes, K. Bacterial persistence by RNA endonucleases.
Proc. Natl. Acad. Sci. USA 2011, 108, 13206–13211. [CrossRef] [PubMed]
Harms, A.; Fino, C.; Sørensen, M.A.; Semsey, S.; Gerdes, K. Prophages and Growth Dynamics Confound
Experimental Results with Antibiotic-Tolerant Persister Cells. mBio 2017, 8, e01964-17. [CrossRef] [PubMed]
Goormaghtigh, F.; Fraikin, N.; Putrinš, M.; Hallaert, T.; Hauryliuk, V.; Garcia-Pino, A.; Sjödin, 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]
Tripathi, A.; Dewan, P.C.; Siddique, S.A.; Varadarajan, R. MazF-induced growth inhibition and persister
generation in Escherichia coli. J. Biol. Chem. 2014, 289, 4191–4205. [CrossRef]
Harrison, J.J.; Wade, W.D.; Akierman, S.; Vacchi-Suzzi, C.; Stremick, C.A.; Turner, R.J.; Ceri, H.
The Chromosomal Toxin Gene yafQ Is a Determinant of Multidrug Tolerance for Escherichia coli Growing
in a Biofilm. Antimicrob. Agents Chemother. 2009, 53, 2253–2258. [CrossRef]
Swedlow, J.R.; Storey, K.G.; Ivic, L.; Kriegstein, A.R.; Norden, C.; Leung, L.; Harris, W.A.; Storey, K.G.;
Castro, D.S.; Guillemot, F.; et al. Internalization of Salmonella by Macrophages Induces Formation of
Nonreplicating Persisters. Science 2014, 343, 204–209.
Rycroft, J.A.; Gollan, B.; Grabe, G.J.; Hall, A.; Cheverton, A.M.; Larrouy-Maumus, G.; Hare, S.A.; Helaine, S.
Activity of acetyltransferase toxins involved in Salmonella persister formation during macrophage infection.
Nat. Commun. 2018, 9, 1993. [CrossRef]
Cheverton, A.M.; Gollan, B.; Przydacz, M.; Wong, C.T.; Mylona, A.; Hare, S.A.; Cheverton, A.M.; Gollan, B.;
Przydacz, M.; Wong, C.T.; et al. A Salmonella Toxin Promotes Persister Formation through Acetylation of
tRNA. Mol. Cell 2016, 63, 86–96. [CrossRef]
Curtis, T.D.; Takeuchi, I.; Gram, L.; Knudsen, G.M. The Influence of the Toxin/Antitoxin mazEF on Growth
and Survival of Listeria monocytogenes under Stress. Toxins 2017, 9, 31. [CrossRef] [PubMed]
Unoson, C.; Wagner, E.G.H. A small SOS-induced toxin is targeted against the inner membrane in Escherichia
coli. Mol. Microbiol. 2008, 70, 258–270. [CrossRef] [PubMed]
Habib, G.; Zhu, J.; Sun, B. A novel type I toxin-antitoxin system modulates persister cell formation in
Staphylococcus aureus. Int. J. Med. Microbiol. 2020, 310, 151400. [CrossRef] [PubMed]
Dantas, S.T.A.; Rossi, B.F.; Bonsaglia, E.C.R.; Castilho, I.G.; Hernandes, R.T.; Fernandes, A.; Rall, V.L.M.
Cross-Contamination and Biofilm Formation by Salmonella enterica Serovar Enteritidis on Various Cutting
Boards. Foodborne Pathog. Dis. 2017, 15, 81–85. [CrossRef]
Colagiorgi, A.; Di Ciccio, P.; Zanardi, E.; Ghidini, S.; Ianieri, A. A Look inside the Listeria monocytogenes
Biofilms Extracellular Matrix. Microorganisms 2016, 4, 22. [CrossRef]
Kumari, S.; Sarkar, P.K. Bacillus cereus hazard and control in industrial dairy processing environment.
Food Control 2016, 69, 20–29. [CrossRef]
Moormeier, D.E.; Bayles, K.W. Staphylococcus aureus biofilm: A complex developmental organism.
Mol. Microbiol. 2017, 104, 365–376. [CrossRef]
Donelli, G. Biofilm-Based Healthcare-Associated Infections: Volume II; Springer: Berlin/Heidelberg, Germany,
2015; Volume 831, pp. 1–9. [CrossRef]
González, J.F.; Alberts, H.; Lee, J.; Doolittle, L.; Gunn, J.S. Biofilm Formation Protects Salmonella from the
Antibiotic Ciprofloxacin In Vitro and In Vivo in the Mouse Model of chronic Carriage. Sci. Rep. 2018, 8, 222.
[CrossRef]
Bernier, S.P.; Lebeaux, D.; DeFrancesco, A.S.; Valomon, A.; Soubigou, G.; Coppée, J.-Y.; Ghigo, J.-M.; Beloin, C.
Starvation, together with the SOS response, mediates high biofilm-specific tolerance to the fluoroquinolone
ofloxacin. PLoS Genet. 2013, 9, e1003144. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8967

92.

93.

94.
95.

96.
97.

98.

99.
100.

101.

102.
103.

104.

105.
106.

107.
108.
109.

110.
111.
112.

21 of 24

Strugeon, E.; Tilloy, V.; Ploy, M.-C.; Da Re, S. The Stringent Response Promotes Antibiotic Resistance
Dissemination by Regulating Integron Integrase Expression in Biofilms. mBio 2016, 7, e00868-16. [CrossRef]
[PubMed]
Miyaue, S.; Suzuki, E.; Komiyama, Y.; Kondo, Y.; Morikawa, M.; Maeda, S. Bacterial Memory of
Persisters: Bacterial Persister Cells Can Retain Their Phenotype for Days or Weeks After Withdrawal
From Colony–Biofilm Culture. Front. Microbiol. 2018, 9, 1396. [CrossRef] [PubMed]
Kim, Y.; Wang, X.; Zhang, X.-S.; Grigoriu, S.; Page, R.; Peti, W.; Wood, T.K. Escherichia coli toxin/antitoxin
pair MqsR/MqsA regulate toxin CspD. Environ. Microbiol. 2010, 12, 1105–1121. [CrossRef] [PubMed]
Xu, T.; Wang, X.; Cui, P.; Zhang, Y.; Zhang, W. The Agr Quorum Sensing System Represses Persister Formation
through Regulation of Phenol Soluble Modulins in Staphylococcus aureus. Front. Microbiol. 2017, 8, 1–13.
[CrossRef] [PubMed]
Tan, L.; Li, S.R.; Jiang, B.; Hu, X.M.; Li, S. Therapeutic Targeting of the Staphylococcus aureus Accessory
Gene Regulator (agr) System. Front. Microbiol. 2018, 9, 1–11. [CrossRef] [PubMed]
Proctor, R.A.; von Eiff, C.; Kahl, B.C.; Becker, K.; McNamara, P.; Herrmann, M.; Peters, G. Small colony
variants: A pathogenic form of bacteria that facilitates persistent and recurrent infections. Nat. Rev. Microbiol.
2006, 4, 295–305. [CrossRef] [PubMed]
Proctor, R.A.; Van Langevelde, P.; Kristjansson, M.; Maslow, J.N.; Arbeit, R.D. Persistent and relapsing
infections associated with small-colony variants of staphylococcus aureus. Clin. Infect. Dis. 1995, 20, 95–102.
[CrossRef]
Chang, J.O.; Lee, R.E.; Lee, W. A pursuit of Staphylococcus aureus continues: A role of persister cells.
Arch. Pharm. Res. 2020, 43, 630–638. [CrossRef]
Proctor, R.A.; Kriegeskorte, A.; Kahl, B.C.; Becker, K.; Löffler, B.; Peters, G. Staphylococcus aureus Small
Colony Variants (SCVs): A road map for the metabolic pathways involved in persistent infections. Front. Cell.
Infect. Microbiol. 2014, 4, 1–8. [CrossRef]
Wong Fok Lung, T.; Monk, I.R.; Acker, K.P.; Mu, A.; Wang, N.; Riquelme, S.A.; Pires, S.; Noguera, L.P.;
Dach, F.; Gabryszewski, S.J.; et al. Staphylococcus aureus small colony variants impair host immunity by
activating host cell glycolysis and inducing necroptosis. Nat. Microbiol. 2020, 5, 141–153. [CrossRef]
Onyango, L.A.; Dunstan, R.H.; Gottfries, J.; von Eiff, C.; Roberts, T.K. Effect of Low Temperature on Growth
and Ultra-Structure of Staphylococcus spp. PLoS ONE 2012, 7, e29031. [CrossRef]
Pan, X.-S.; Hamlyn, P.J.; Talens-Visconti, R.; Alovero, F.L.; Manzo, R.H.; Fisher, L.M. Small-colony mutants
of Staphylococcus aureus allow selection of gyrase-mediated resistance to dual-target fluoroquinolones.
Antimicrob. Agents Chemother. 2002, 46, 2498–2506. [CrossRef] [PubMed]
Schaaff, F.; Bierbaum, G.; Baumert, N.; Bartmann, P.; Sahl, H. Mutations are involved in emergence of
aminoglycoside-induced small colony variants of Staphylococcus aureus. Int. J. Med. Microbiol. 2003, 293,
427–435. [CrossRef] [PubMed]
Vulin, C.; Leimer, N.; Huemer, M.; Ackermann, M.; Zinkernagel, A.S. Prolonged bacterial lag time results in
small colony variants that represent a sub-population of persisters. Nat. Commun. 2018, 9, 4074. [CrossRef]
Paula, S.; Drescher, M.; Gallo, S.W.; Maria, P.; Ferreira, A.; Alexandre, C.; Ferreira, S.; De Oliveira, S.D.
Salmonella enterica persister cells form unstable small colony variants after in vitro exposure to ciprofloxacin.
Sci. Rep. 2019, 9, 7232. [CrossRef]
Klieneberger, E. The natural occurrence of pleuropneumonia-like organism in apparent symbiosis with
Strrptobacillus moniliformis and other bacteria. J. Pathol. Bacteriol. 1935, 40, 93–105. [CrossRef]
Han, J.; He, L.; Shi, W.; Xu, X.; Wang, S.; Zhang, S.; Zhang, Y. Glycerol Uptake Is Important for L-Form
Formation and Persistence in Staphylococcus aureus. PLoS ONE 2014, 9. [CrossRef]
Xu, Y.; Wang, L.; Sun, X.; Xu, X.; Hu, T.; Dong, B.; Jing, T.; Han, J. Fluorescence Reporter in Staphylococcus
aureus as a Useful Tool for Studying L-forms and Virulence. Jundishapur J. Microbiol. 2017, 10, e57238.
[CrossRef]
Onwuamaegbu, M.E.; Belcher, R.A.; Soare, C. Cell wall-deficient bacteria as a cause of infections: A review
of the clinical significance. J. Int. Med. Res. 2005, 33, 1–20. [CrossRef]
Errington, J.; Mickiewicz, K.; Kawai, Y.; Wu, L.J. L-form bacteria, chronic diseases and the origins of life.
Philos. Trans. R. Soc. B Biol. Sci. 2016, 371, 20150494. [CrossRef]
Lamason, R.L.; Welch, M.D. Actin-based motility and cell-to-cell spread of bacterial pathogens.
Curr. Opin. Microbiol. 2017, 35, 48–57. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8967

22 of 24

113. Bierne, H.; Milohanic, E.; Kortebi, M. To Be Cytosolic or Vacuolar: The Double Life of Listeria monocytogenes.
Front. Cell. Infect. Microbiol. 2018, 8, 136. [CrossRef] [PubMed]
114. Lam, G.Y.; Cemma, M.; Muise, A.M.; Higgins, D.E.; Brumell, J.H. Host and bacterial factors that regulate LC3
recruitment to Listeria monocytogenes during the early stages of macrophage infection. Autophagy 2013, 9,
985–995. [CrossRef] [PubMed]
115. Kortebi, M.; Milohanic, E.; Mitchell, G.; Pe, C.; Prevost, C.; Cossart, P. Listeria Monocytogenes Switches
from Dissemination to Persistence by Adopting a Vacuolar Lifestyle in Epithelial Cells. PLoS Pathog. 2017,
13, e1006734. [CrossRef] [PubMed]
116. Sauders, B.D.; Wiedmann, M.; Desjardins, M.; Fenlon, C.; Davenport, N.; Hibbs, J.R.; Morse, D.L. Recurrent
Listeria monocytogenes Infection: Relapse or Reinfection with a Unique Strain Confirmed by Molecular
Subtyping. Clin. Infect. Dis. 2001, 33, 257–259. [CrossRef]
117. Soni, A.; Oey, I.; Silcock, P.; Bremer, P. Bacillus Spores in the Food Industry: A Review on Resistance and
Response to Novel Inactivation Technologies. Compr. Rev. Food Sci. Food Saf. 2016, 15, 1139–1148. [CrossRef]
118. Yeo, I.-C.; Lee, N.K.; Cha, C.-J.; Hahm, Y.T. Narrow antagonistic activity of antimicrobial peptide from
Bacillus subtilis SCK-2 against Bacillus cereus. J. Biosci. Bioeng. 2011, 112, 338–344. [CrossRef]
119. Griffiths, M.W.; Schraft, H. Bacillus Cereus Food Poisoning, 3rd ed.; Elsevier Inc.: Amsterdam, The Netherlands,
2017; ISBN 9780123850072.
120. Cause, G.F.; Brazhnikova, M.G. Gramicidin S Origin and Mode of Action. Lancet 1944, 244, 715–716.
[CrossRef]
121. Chung, P.Y.; Khanum, R. Antimicrobial peptides as potential anti-biofilm agents against multidrug-resistant
bacteria. J. Microbiol. Immunol. Infect. 2017, 50, 405–410. [CrossRef]
122. Andersson, D.I.; Hughes, D.; Kubicek-Sutherland, J.Z. Mechanisms and consequences of bacterial resistance
to antimicrobial peptides. Drug Resist. Updates 2016, 26, 43–57. [CrossRef]
123. Ciumac, D.; Gong, H.; Hu, X.; Lu, J.R. Membrane targeting cationic antimicrobial peptides. J. Colloid
Interface Sci. 2019, 537, 163–185. [CrossRef]
124. Mihajlovic, M.; Lazaridis, T. Antimicrobial peptides in toroidal and cylindrical pores. Biochim. Biophys. Acta
2010, 1798, 1485–1493. [CrossRef] [PubMed]
125. Brogden, K. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol.
2005, 3, 238–250. [CrossRef] [PubMed]
126. De Breij, A.; Riool, M.; Cordfunke, R.A.; Malanovic, N.; De Boer, L.; Koning, R.I.; Ravensbergen, E.;
Franken, M.; Van Der Heijde, T.; Boekema, B.K.; et al. The antimicrobial peptide SAAP-148 combats
drug-resistant bacteria and biofilms. Sci. Transl. Med. 2018, 10. [CrossRef] [PubMed]
127. Omardien, S.; Drijfhout, J.W.; Vaz, F.M.; Wenzel, M.; Hamoen, L.W.; Zaat, S.A.J.; Brul, S. Bactericidal activity
of amphipathic cationic antimicrobial peptides involves altering the membrane fluidity when interacting
with the phospholipid bilayer. Biochim. Biophys. Acta Biomembr. 2018, 1860, 2404–2415. [CrossRef]
128. Omardien, S.; Drijfhout, J.W.; Zaat, S.A.; Brul, S. Cationic Amphipathic Antimicrobial Peptides Perturb
the Inner Membrane of Germinated Spores Thus Inhibiting Their Outgrowth. Front. Microbiol. 2018, 9.
[CrossRef]
129. Hamoen, L.W.; Wenzel, M. Editorial: Antimicrobial Peptides—Interaction with Membrane Lipids and
Proteins. Front. Cell Dev. Biol. 2017, 5, 4. [CrossRef]
130. Cardoso, M.H.; Meneguetti, B.T.; Costa, B.O.; Buccini, D.F.; Oshiro, K.G.N.; Preza, S.L.E.; Carvalho, C.M.E.;
Migliolo, L.; Franco, O.L. Non-Lytic Antibacterial Peptides That Translocate Through Bacterial Membranes
to Act on Intracellular Targets. Int. J. Mol. Sci. 2019, 20, 4877. [CrossRef]
131. Park, C.B.; Yi, K.-S.; Matsuzaki, K.; Kim, M.S.; Kim, S.C. Structure–activity analysis of buforin II, a histone
H2A-derived antimicrobial peptide: The proline hinge is responsible for the cell-penetrating ability of
buforin II. Proc. Natl. Acad. Sci. USA 2000, 97, 8245–8250. [CrossRef]
132. Friedrich, C.L.; Rozek, A.; Patrzykat, A.; Hancock, R.E.W. Structure and Mechanism of Action of an
Indolicidin Peptide Derivative with Improved Activity against Gram-positive Bacteria. J. Biol. Chem. 2001,
276, 24015–24022. [CrossRef]
133. Mukhopadhyay, J.; Sineva, E.; Knight, J.; Levy, R.M.; Ebright, R.H. Antibacterial Peptide Microcin J25 Inhibits
Transcription by Binding within and Obstructing the RNA Polymerase Secondary Channel. Mol. Cell 2004,
14, 739–751. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 8967

23 of 24

134. Salomón, R.A.; Farías, R.N. Microcin 25, a novel antimicrobial peptide produced by Escherichia coli.
J. Bacteriol. 1992, 174, 7428–7435. [CrossRef] [PubMed]
135. Couto, M.A.; Harwig, S.S.; Lehrer, R.I. Selective inhibition of microbial serine proteases by eNAP-2,
an antimicrobial peptide from equine neutrophils. Infect. Immun. 1993, 61, 2991–2994. [CrossRef] [PubMed]
136. Bahrami, A.; Delshadi, R.; Jafari, S.; Williams, L. Nanoencapsulated nisin: An engineered natural antimicrobial
system for the food industry. Trends Food Sci. Technol. 2019. [CrossRef]
137. Silva, O.N.; Porto, W.F.; Ribeiro, S.M.; Batista, I.; Franco, O.L. Host-defense peptides and their potential use
as biomarkers in human diseases. Drug Discov. Today 2018, 23, 1666–1671. [CrossRef] [PubMed]
138. Blyth, G.A.D.; Connors, L.; Fodor, C.; Cobo, E.R. The Network of Colonic Host Defense Peptides as an Innate
Immune Defense Against Enteropathogenic Bacteria. Front. Immunol. 2020, 11, 965. [CrossRef]
139. Hancock, R.E.W.; Haney, E.F.; Gill, E.E. The immunology of host defence peptides: Beyond antimicrobial
activity. Nat. Rev. Immunol. 2016, 16, 321–334. [CrossRef]
140. Méndez-Samperio, P. The human cathelicidin hCAP18/LL-37: A multifunctional peptide involved in
mycobacterial infections. Peptides 2010, 31, 1791–1798. [CrossRef]
141. Xhindoli, D.; Pacor, S.; Benincasa, M.; Scocchi, M.; Gennaro, R.; Tossi, A. The human cathelicidin LL-37
—A pore-forming antibacterial peptide and host-cell modulator. Biochim. Biophys. Acta Biomembr. 2016, 1858,
546–566. [CrossRef]
142. Fruitwala, S.; El-Naccache, D.W.; Chang, T.L. Multifaceted immune functions of human defensins and
underlying mechanisms. Semin. Cell Dev. Biol. 2019, 88, 163–172. [CrossRef]
143. Mansour, S.C.; Pena, O.M.; Hancock, R.E.W. Host defense peptides: Front-line immunomodulators.
Trends Immunol. 2014, 35, 443–450. [CrossRef]
144. Silva, C.C.G.; Silva, S.P.M.; Ribeiro, S.C. Application of Bacteriocins and Protective Cultures in Dairy Food
Preservation. Front. Microbiol. 2018, 9, 594. [CrossRef] [PubMed]
145. Balandin, S.V.; Sheremeteva, E.V.; Ovchinnikova, T.V. Pediocin-Like Antimicrobial Peptides of Bacteria.
Biochemistry 2019, 84, 464–478. [CrossRef] [PubMed]
146. Chikindas, M.L.; Weeks, R.; Drider, D.; Chistyakov, V.A.; Dicks, L.M.T. Functions and emerging applications
of bacteriocins. Curr. Opin. Biotechnol. 2018, 49, 23–28. [CrossRef] [PubMed]
147. Ramu, R.; Shirahatti, P.S.; Devi, A.T.; Prasad, A.; Kumuda, J.; Lochana, M.S.; Zameer, F.; Dhananjaya, B.L.;
Nagendra Prasad, M.N. Bacteriocins and Their Applications in Food Preservation. Crit. Rev. Food Sci. Nutr.
2015, 60. [CrossRef]
148. Iancu, C.; Grainger, A.; Field, D.; Cotter, P.D.; Hill, C.; Ross, R.P. Comparison of the Potency of the
Lipid II Targeting Antimicrobials Nisin, Lacticin 3147 and Vancomycin Against Gram-Positive Bacteria.
Probiotics Antimicrob. Proteins 2012, 4, 108–115. [CrossRef] [PubMed]
149. Hammami, R.; Fliss, I.; Corsetti, A. Editorial: Application of Protective Cultures and Bacteriocins for Food
Biopreservation. Front. Microbiol. 2019, 10, 1561. [CrossRef]
150. Yuan, K.; Mei, Q.; Guo, X.; Xu, Y.; Yang, D.; Sánchez, B.J.; Sheng, B.; Liu, C.; Hu, Z.; Yu, G.; et al. Antimicrobial
peptide based magnetic recognition elements and Au@Ag-GO SERS tags with stable internal standards:
A three in one biosensor for isolation, discrimination and killing of multiple bacteria in whole blood.
Chem. Sci. 2018, 9, 8781–8795. [CrossRef]
151. Qiao, Z.; Fu, Y.; Lei, C.; Li, Y. Advances in antimicrobial peptides-based biosensing methods for detection of
foodborne pathogens: A review. Food Control 2020, 112, 107116. [CrossRef]
152. Andrade, C.A.S.; Nascimento, J.M.; Oliveira, I.S.; de Oliveira, C.V.J.; de Melo, C.P.; Franco, O.L.;
Oliveira, M.D.L. Nanostructured sensor based on carbon nanotubes and clavanin A for bacterial detection.
Colloids Surf. B Biointerfaces 2015, 135, 833–839. [CrossRef]
153. Mannoor, M.S.; Zhang, S.; Link, A.J.; McAlpine, M.C. Electrical detection of pathogenic bacteria via
immobilized antimicrobial peptides. Proc. Natl. Acad. Sci. USA 2010, 107, 19207–19212. [CrossRef]
154. Jiang, K.; Etayash, H.; Azmi, S.; Naicker, S.; Hassanpourfard, M.; Shaibani, P.M.; Thakur, G.; Kaur, K.;
Thundat, T. Rapid label-free detection of E. coli using antimicrobial peptide assisted impedance spectroscopy.
Anal. Methods 2015, 7, 9744–9748. [CrossRef]
155. Etayash, H.; Jiang, K.; Thundat, T.; Kaur, K. Impedimetric Detection of Pathogenic Gram-Positive Bacteria
Using an Antimicrobial Peptide from Class IIa Bacteriocins. Anal. Chem. 2014, 86, 1693–1700. [CrossRef]
[PubMed]

Int. J. Mol. Sci. 2020, 21, 8967

24 of 24

156. Qiao, Z.; Lei, C.; Fu, Y.; Li, Y. An antimicrobial peptide-based colorimetric bioassay for rapid and sensitive
detection of E. coli O157:H7. RSC Adv. 2017, 7, 15769–15775. [CrossRef]
157. Kumar, S.; Kumar, S.; Ali, M.A.; Anand, P.; Agrawal, V.V.; John, R.; Maji, S.; Malhotra, B.D.
Microfluidic-integrated biosensors: Prospects for point-of-care diagnostics. Biotechnol. J. 2013, 8, 1267–1279.
[CrossRef] [PubMed]
158. Turner, J.; Cho, Y.; Dinh, N.N.; Waring, A.J.; Lehrer, R.I. Activities of LL-37, a cathelin-associated antimicrobial
peptide of human neutrophils. Antimicrob. Agents Chemother. 1998, 42, 2206–2214. [CrossRef]
159. Chen, X.; Zhang, M.; Zhou, C.; Kallenbach, N.R.; Ren, D. Control of bacterial persister cells by
Trp/Arg-containing antimicrobial peptides. Appl. Environ. Microbiol. 2011, 77, 4878–4885. [CrossRef]
160. Mohammadzadeh, R.; Shivaee, A.; Ohadi, E.; Kalani, B.S. In Silico Insight into the Dominant Type II
Toxin–Antitoxin Systems and Clp Proteases in Listeria monocytogenes and Designation of Derived Peptides
as a Novel Approach to Interfere with this System. Int. J. Pept. Res. Ther. 2020, 26, 613–623. [CrossRef]
161. Schmidt, N.W.; Deshayes, S.; Hawker, S.; Blacker, A.; Kasko, A.M.; Wong, G.C.L. Engineering persister-specific
antibiotics with synergistic antimicrobial functions. ACS Nano 2014, 8, 8786–8793. [CrossRef]
162. Rishi, P.; Bhagat, N.R.; Thakur, R.; Pathania, P. Tackling Salmonella Persister Cells by Antibiotic–Nisin
Combination via Mannitol. Indian J. Microbiol. 2018, 58, 239–243. [CrossRef]
163. Mahlapuu, M.; Björn, C.; Ekblom, J. Antimicrobial peptides as therapeutic agents: Opportunities and
challenges. Crit. Rev. Biotechnol. 2020, 40, 978–992. [CrossRef]
164. Lau, J.L.; Dunn, M.K. Therapeutic peptides: Historical perspectives, current development trends, and future
directions. Bioorg. Med. Chem. 2018, 26, 2700–2707. [CrossRef] [PubMed]
165. Chen, C.H.; Lu, T.K. Development and challenges of antimicrobial peptides for therapeutic applications.
Antibiotics 2020, 9, 24. [CrossRef] [PubMed]
166. Mahlapuu, M.; Håkansson, J.; Ringstad, L.; Björn, C. Antimicrobial Peptides: An Emerging Category of
Therapeutic Agents. Front. Cell. Infect. Microbiol. 2016, 6, 194. [CrossRef] [PubMed]
167. Kubicek-Sutherland, J.Z.; Heithoff, D.M.; Ersoy, S.C.; Shimp, W.R.; House, J.K.; Marth, J.D.; Smith, J.W.;
Mahan, M.J. Host-dependent Induction of Transient Antibiotic Resistance: A Prelude to Treatment Failure.
EBioMedicine 2015, 2, 1169–1178. [CrossRef] [PubMed]
168. Jiang, Z.; Gera, L.; Mant, C.; Hodges, R. Design of new antimicrobial peptides (AMPs) with “specificity
determinants” that encode selectivity for gram negative pathogens and remove both gram-positive activity
and hemolytic activity from broad-spectrum AMPs. In Proceedings of the 24th American Peptide Symposium,
Aurora, CO, USA, 20–25 June 2015.
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/).

