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Abstract: Relapse of tuberculosis, typhoid and various other infectious diseases after
remotion of antibiotics is attributed to the presence of ‘persisters’ in the bacterial population.
This phenomenon is referred to as ‘persistence’; often in conjunction with multicellular like
biofilm complicates the treatment of infectious diseases. Persistence is a non-heritable trait as
the progeny cells are as sensitive to antimicrobial agents as their ancestors. In the recent past
several breakthroughs have shown that several factors induction heterogeneity of a bacterial
population. Of this Toxin Antitoxin Systems (TAS) are better understood to mediate
metabolic reduction and induce non dividing state of a small fraction of bacterial population.
These cells, referred to as persisters, are tolerant to even high concentrations of several
antibiotics. The factors involved in the regulation of TAS are thought to be stochastically
activated which in turn activate different TAS to induce slow growing state. Biomolecules
like ppGpp, inorganic polyphosphate and various proteases like Lon are involved in TA
system mediated bacterial persistence. In this review, recent developments are summarized
with a focus on possible targets to counter the persistence phenomenon.
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Introduction

When rapidly growing bacterial population is exposed to antibiotic or stress conditions like nutrient
depletion, amino acid and phosphate starvation or any other extreme environmental condition, most of the
bacteria get killed in the process. But few slow growing or non growing bacteria survive through the stressed
condition and become dormant. After removal of the stressed condition these bacteria stochastically switch back
to rapidly growing cells'. This phenomenon is called bacterial persistence and the bacterial cells which survived
through the stresses are called “persisters™. When the persister cells are sub cultured it is found that the
daughter cells are sensitive to antibiotic or other stressed conditions’. Hence bacterial persistence is a
phenotypic trait.

Bacterial persistency is an epigenetic phenotypic property which is drug independent although it is
debatable as few studies have shown that persister cell formation is induced after the antibiotic exposure®. Many
pathogens escape antibiotic killing by forming persisters. Experiment on animal model has shown that rapidly
growing bacterial cells are easily killed by antibiotics at an early infection stage. But persister pathogenic cells
escape from the killing and become tolerable to antibiotics at late stage of infection which leads to the relapsing
of the diseases like cystic fibrosis and urinary tract infection. Biofilm enriched with persister cells are
responsible for chronic infections of various implanted medical devices. Role of TA system in biofilm
production has long been debated. But information is accumulating favoring the relationship among TA system,
persistency and biofilm production in pathogens like Pseudomonas aeruginosa and Mycobacterium
tuberculosis.
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Discovery of bacterial persistence

In the early 1940s Joseph Bigger found that rapidly growing culture of Staphylococcus aureus is not
efficiently killed by penicillin. Some of the bacteria survive through the process. Penicillin interrupts bacterial
cell wall synthesis and kills rapidly growing cells efficiently. But penicillin is unable to kill slow or non-
growing bacteria hence unable to sterilize the culture of Staphylococcus aureus. He called this survival process
as “persistence” and coined the term “persisters” for the surviving cells. The stochastic mechanism behind this
phenomenon helps the rapidly growing cells to switch to the non growing dormant cells in response to
antibiotics or other stressful condition. After surviving through the antibiotics or other environmental assaults
the persisters switch back to the rapidly dividing cells causing chronic infection. Very slow or non growing
physiological state makes the persisters tolerant to the antibiotics as most antibiotics affect the cell wall
synthesis thus effectively kill the rapidly growing cells. Another view of this phenomenon suggests the presence
of high persistence (hip) mutants which exhibit multidrug tolerance. It has also been proved that persistence is
dependent on the toxin-antitoxin (TA) loci which can be present on the plasmid or in the bacterial chromosome
of Escherichia coli. Type Il hipBA toxin-antitoxin locus encodes HipA protein responsible mediating
persistence. Along with hipBA other toxin antitoxin families like re/BE, mazEF, vapBC ° and mgsRA ° gene
families are also found to be responsible for persistence in Escherichia coli. In Toxin-Antitoxin systems toxin is
responsible for the cell dormancy by interfering with various cellular mechanisms such as cell division,
replication, protein translation and cell wall synthesis '. Antitoxin is an antidote of toxin and inhibits or
represses the action of toxin by forming tight toxin-antitoxin complex or by repressing the transcription of
Toxin-Antitoxin systems.

Molecular mechanisms of persistence
Toxin-Antitoxin systems

Toxin-Antitoxin (TA) system were first discovered and characterized on plasmid. Later several
chromosomal TA systems were discovered on most of the fully sequenced free living bacteria and archae.
Plasmidic TA systems are implicated in aiding the maintenance of plasmid within a population by a
phenomenon called post segregational killing (PSK)®. However, the physiological significance of chromosomal
TA systems are implicated in stress survival, biofilm formation, persistence and programmed cell death (PCD)
. TA system is a bicistronic autoregulatory operon in which antitoxin mostly present upstream of the toxin
gene. Toxins are in general stable proteins which inhibit various cellular responses like cell division, DNA
replication, protein translation, and cell wall synthesis'®. Antitoxin regulates the expression of toxin. Antitoxins
are loosely folded hence proteolytically unstable than toxins and present in abundance. There are 5 types of TA
systems till now discovered. In type I TA system toxins are hydrophobic proteins whose translation is
suppressed by the antitoxin which are antisense RNAs. Antitoxins form tight complexes with toxins by
inactivating them in type II TA systems and both toxins and antitoxins are proteins in nature. In type III TA
system antitoxin RNA binds to toxin protein by forming a tight protein-RNA complex and finally repressing the
function of toxin protein. Type IV and V TA systems have been discovered recently and they also act by
forming tight complexes where antitoxin binds to either toxin or the target of toxin protein''. Antitoxins can be
degraded by Lon (Long form filament phenotype) or Clp proteases under various stressed condition.
Degradation of antitoxins by Lon protease leads to the activation of mRNA endonucleases which in turn
increases persistency in bacteria by inhibiting the global cellular translation’. To date more than thirty TA
systems are discovered in E. coli and more than eighty TA systems in Mycobacterium tuberculosis .

Type I TA system

In type I TA system toxins are small hydrophobic proteins which damage inner cell membrane thus
conferring toxicity to the cells. Antitoxins are antisense RNAs which forms base pairing with the toxin’s
mRNA and inhibits translation of the toxin protein. Afterwards Toxin-Antitoxin duplex is degraded by
RNaselll . Hok-Sok is the well known type I TA system which includes a third component named Mok °
where Sok antisense RNA forms base pair with sok mRNA hence inhibiting the translation of Hok toxin
"' Other well understood chromosomal type I TA families are SymE-SymR which induced as a SOS response.
Other TA families of this group are fst-RNAIIL, FImA-FImB, TisB-IstR, LdrD-RdID etcetera.

Type II TA system

Toxin and antitoxin both are proteinaceous in nature in type II TA system where the antitoxin forms a
tight complex with the toxin hence inhibiting toxin to act on its targets. Sometimes antitoxins are DNA binding
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proteins and it inhibits transcription of the toxin gene by binding to the operator region. Type Il antitoxins are
susceptible to ubiquitous Lon or Clp proteases and degradation of antitoxins leads to the overproduction of
toxins hence increasing the persistence and programmed cell death. Well understood type II gene families are
hipBA, mazEF, relBE and vapBC. Other type II TA systems include Phd-Doc, CcdA-CcdB, HicA-HicB
etcetera.

Type III Toxin-Antitoxin system

An RNA antitoxin regulates the transcription of toxin protein in type III TA system. ToxI-ToxN system
is the best understood type III TA system till now which is found in plant pathogens like Pectobacterium
atrosepticum and Erwinia carotovora. ToxN inhibits translation in a similar manner like MazF. ToxI RNA
binds to three ToxN proteins and in turn inactivates the toxin. ToxN induced persistency by cleaving ToxI
mRNA "*. Type III TA system confers resistance to bacteriophage.

Type IV Toxin-Antitoxin system

Type IV TA system does not involve the formation of toxin-antitoxin complex. In this system antitoxin
directly binds to the targets of toxin hence inhibiting the toxin activity. Toxin CbtA and antitoxin YeeU are the
constituents of type IV TA system and well understood till now. CbtA inhibits polymerization of two
cytosklgleton proteins FtsZ and MreB. YeeU antitoxin binds to FtsZ and MreB and neutralizes the activity of the
toxin .

Type V Toxin-Antitoxin system

In this TA system antitoxin endoribonuclease cleaves the toxin mRNA which involves in membrane
lysis and causes ghost cell formation. GhoT toxin either causes cell death or causes increment in persister cell
formation. GhoST is the best understood type V TA system where the toxin GhoT (previously known as YjdO)
isa small,1 ZPydrophobic protein. Activity of GhoT is regulated by a non labile antitoxin GhoS(previously known
as YjdK) .

Lon protease plays an important role in regulation of Type II TA systems

Antitoxins are unstable in nature but produced in abundance compared to toxin proteins. Antitoxins are
degraded by Lon protease and toxin proteins can freely bind to its target and inhibit translation machinery in the
absence of antitoxins. In the absence of Lon protease persister cell formation decreased dramatically. Deletion
of various Toxin-Antitoxin systems decreased the formation of persister cells by several folds although deletion
of individual TA systems did not show much effect on persister cell formation. Lon overproduction cannot
increase persister cell formation in the absence of 10 TA systems which proves that there is a strong
relationship between Lon protease and TA systems .
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Fig: Type Il TAS produces proteolytically stable toxin proteins and proteolytically unstable antitoxins.
Type 1I toxins inhibit translation hence inhibit cell growth. In normal condition Antitoxin binds directly to
Toxin or the operator region of TAS and resurrects cell growth. Toxin-Antitoxin complex also inhibit
translation of Toxin by binding to the operator region of TAS. Under stressed condition RelA protein
synthesized ppGpp alarmone which inhibits exopolyphosphatase (PPX). PolyP- a stretch of orthophosphates
degraded by PPX and synthesized by polyphosphate kinase (PPK). PolyP induces Lon protease cleaves
antitoxin and in turn induces persistence.

hipBA gene families

HipA toxins inhibit cell growth and induce persistence. HipA toxin is inhibited by HipB antitoxin
which is a helix-turn-helix protein. hipBA genes are specifically known for their role in bacterial persistency.
HipA is a serine kinase which inhibits the translation via phosphorylating the elongation factor TU (EF-Tu) '°
thus increasing persistency. HipB dimers form a tight complex with the HipA toxin. HipB is degraded by Lon
protease and HipA is overproduced and arrests the cell growth by increasing persistency.

mazEF gene families

mazEF gene families which are found in the chromosome of E. coli and other pathogenic bacteria
previously thought to be present in the bacteria as an extra chromosomal trait. Earlier idea was that mazEF is
responsible for the plasmid stabilization hence regulating post-segregational killing (PSK) of plasmid free
daughter cells. Involvement of (p)ppGpp in the bacterial programmed cell death (PCD) by MazF toxin was the
earlier idea which is later ruled out by recent studies. MazF which is an endoribonuclease inhibits global
translation by cleaving mRNAs at ACA or ACU sites in a ribosome independent manner which in turn induce
PCD. MazE antitoxin which is located upstream of the toxin MazF, binds to the promoter region and inhibits
the transcription of the toxin'’. MazE is degraded by CIpAP in an ATP-dependent manner and the toxin inhibits
the cell growth hence induce persistency.

relBE gene families

relBE gene families consist toxin RelE whose expression is regulated by antitoxin RelB. RelE which is
an endoribonuclease inhibits global cellular translation by cleaving mRNA at the ribosomal A site. RelE cleaves
mRNA in the same manner as MazF but it requires the involvement of ribosome as purified RelE is unable to
cleave mRNA in absence of ribosome °. Like other type II TA systems, dimer of the antitoxin RelB binds to the
promoter region and inhibits the transcription of toxin gene'®. Upon degradation with Lon protease antitoxins
are no longer available for the repression of the toxin gene and the toxin is available for the cell growth
inhibition in turn inducing bacterial persistence.

vapBC gene families

VapBC TA systems were first discovered in Dichelobacter nodosus- a gram negative obligate
anaerobe. vapBC gene families which are plentiful in both enteric and other pathogenic bacteria like
Mycobacterium tuberculosis, Leptospira interrogans, Shigella flexneri produce VapC toxin and VapB antitoxin
" VapB antitoxin acts as a repressor of the toxin gene by binding to the promoter region. VapC when present
in abundance induces persistency by destabilizing the TA complex and finally inhibits translation process.

Stringent response

Under amino acid starvation, heat shock, limitation of phosphate and other stress condition bacteria
possess a stringent response which is controlled by guanosine 3°,5’-bispyrophosphate (ppGpp) and guanosine
3’-diphosphate,5’- triphosphate (pppGpp)*’. It has been proved since 1978 that Escherichia coli strains lacking
reld and spoT genes are unable to accumulate (p)ppGpp>'. RelA and SpoT are the proteins responsible for the
synthesis of (p)ppGpp alarmone during amino acid starvation **. During amino acid starvation uncharged t-
RNA occupy free ribosomal A site and translation is stalled which is sensed by RelA. RelA is a synthase
enzyme which synthesize ppGpp from GDP and pppGpp from GTP with the help of ATP>. SpoT is a hydrolase
enzyme although in certain condition SpoT can act as synthase too and it can sense the phosphate starvation and
elevate the level of (p)ppGpp>*. Relation between bacterial persistence and stringent response especially in
various intracellular pathogens is being proved by the recent studies. Pathogens like Mycobacterium
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tuberculosis, Streptococcus equisimilis and Bacillus subtilis possess relA homologue gene which helps these
bacteria persist during stress condition. In Streptococcus pyogenes and Staphylococcus aureus homologue of
rel4 gene rels,, and relg, genes have proved to be involved in stringent response which may linked to
persistence of these extracellular pathogens®. (p)ppGpp inhibits the activity of exopolyphosphatase (PPX)
enzyme which is responsible for the degradation of inorganic polyphosphate (PolyP). PolyP is a polymer of
several hundreds of orthophosphates which is synthesized by PPK (polyphosphate kinase). According to recent
studies PolyP activates Lon protease which is responsible for the degradation of antitoxin hence increasing
persistence. Deletion of ppk and ppx gene from the wild type strain has shown several fold of reduction in
persister formation while exposing to bactericidal antibiotics™.

Induction of persistence due to SOS response

Evidences are gradually accumulating in favor of the idea that bacterial persistence is not a stochastic
mechanism and SOS gene networks play a major role in the formation of persister cells. Fluoroquinolones are
the drugs which inhibit DNA gyrase or topoisomerase activity by altering the protein conformation hence
resulting in double strand breaks in DNA *’. This double strand breaks induce the SOS genes which are
involved in the formation of persister cells. This observation has lead to the idea that multi drug tolerance may
not be always a drug independent process and can occur in response to the antibiotic like ofloxacin. Strain
lacking Re40A and RecB has shown decrement in persister formation upon exposure to fluoroquinolone
antibiotics "

Efflux pump

Tet(L) is a tetracycline efflux protein found in Bacillus subtilis and MdfA is a multidrug resistance
(MDR) efflux protein found in Escherichia coli. Tet(L) and MdfA both the two efflux proteins found to be
responsible for the bacterial persistence in recent studies™.

ROS and antioxidants

Many bactericidal antibiotics including fluoroquinolone antibiotics kill the cells by producing reactive
oxygen species (ROS) and hydroxyl radical® in the presence of high concentration of dissolved oxygen and
causes cell death. Studies on Mycobacterium smegmatis and M. tuberculosis have proved that persister cells
escaped killing by various bactericidal antibiotics by producing high level of antioxidant. Little drop in
dissolved oxygen leads to the elevation of persister formation in the presence of bactericidal antibiotics. It has
also been proved that in the maintenance of high concentration of dissolved oxygen is able to exterminate the
persister population™.

Role of quorum sensing in bacterial persistence

Pathogen like Pseudomonas aeruginosa causes chronic and persistent infection with the help of quorum
sensing. Recent studies have proved that quorum sensing deficient mutants can be cleared faster from various
implants than their wild type siblings. It has also been proved that application of inhibitors of quorum sensing
have shown efficient clearing of biofilm from implants *'.

Persistence and biofilm formation

Biofilm is the cause of dental plaque, various urinary tract infections, catheter infection, cystic fibrosis,
endocarditic diseases, coating on contact lenses and infections in indwelling devices like heart valves etc.
Research has proved that biofilm is resistant to almost all antimicrobial agents while not possessing any well
characterized resistance mechanism. This is mainly due to the presence of persisters or multi drug tolerant cells
%2 Persister cell formation in biofilm is stage dependent as more persister cells are formed during stationary
phase than log phase®. Most of the cells in biofilm are susceptible to antibiotic killing except the persister
cells. Immune systems of host cell have the ability to remove both normal pathogenic cells and persister cells
but immune systems can not remove the persister cells present in the biofilm. After the removal of antibiotic
persister cells present in the biofilm resume their growth and form the biofilm again which may cause chronic
infection. Candida albicans and Pseudomonas aeruginosa are specially known for biofilm mediated chronic
infections and both form persisters when exposed to antibiotics or any other antimicrobial agents. The idea of
involvement of TA systems in biofilm formation was not accepted before as the homologues of MazF and RelE
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proteins did not show any effect on biofilm formation. Later by other experiment involving MqsRA TA systems
in biofilm formation was proved. Involvement of an uncharacterized protein YjgK in the formation of biofilm
was proved by transcriptome analysis. This YjgK protein was reported to decrease the biofilm formation after 8
hours and increased after 24 hours™>*. Recent studies have also proved the involvement of type V TA systems
in biofilm formation. Deletion of ghoT causes decrement in biofilm formation when deletion of ghoS causes
increment in biofilm formation'*.

Role of persistence in pathogenicity

Helicobacter pylori, Mycobacterium tuberculosis, Streptococcus pneumoniae, Neisseria meningitidis
and Haemophilus influenza, Salmonella enterica serovar typhi, Streptococcus pyogenes, Shigella flexneri,
Proteus vulgaris are well known bacteria which persist in human body for long time by evading the innate and
adaptive immune system. These pathogens are responsible for various chronic infections in mammalian hosts
like tuberculosis, typhoid fever, gastroenteritis, peptic ulcers even cancer”.

These pathogenic bacteria colonize in reticuloendothelial system for long periods of time. Granulomas
within the macrophages are found to be the favorite residence of these persistent bacteria although the proper
site of infection during persistency is still unknown. These bacteria survive within the granulomas by either
inhibiting the fusion of macrophages with lysosomes or by adapting the acidic environment of phagolysosome.
The mechanism of persistence in the presence of well evolved immune system of host is still now in the
research level. Recent studies on Escherichia coli have shown that persistency is linked to the Toxin-Antitoxin
system of bacteria although the proper mechanism is unknown. Evidences are growing in the support of this
idea for the pathogenic bacteria too. w-g-( are the three components of Toxin-Antitoxin system found in some
gram positive pathogenic bacteria like Streptococcus pyogenes and Enterococcus faecalis. These components
along with type I TA system are found to be responsible for the virulence of these pathogenic bacteria.

How to tackle persistence

Research is going on in order to kill the persister cells without affecting the host. Bactericidal
antibiotics from aminoglycoside group like gentamicin, kanamycin or streptomycin which are potent inhibitor
of translation can be used to kill persister cells with the help of various metabolites which potentiate the action
of these aminoglycosides. Although less sensitive to aminoglycosides, persister cells are effectively killed in the
presence of high concentration of various metabolites involved in glycolysis or pentose phosphate pathway like
glucose, fructose or pyruvate®. Use of Trimethoprim-Sulfamethoxazole antibiotic for ten days has shown
reduction in persister formation in acute urinary tract infection caused by uropathogenic Escherichia coli *’.
Various antibacterial agents like 3-[4-(4-methoxyphenyl)piperazin-1-yl]piperidin-4-yl biphenyl-4-carboxylate
(C10)*® and (Z)-4-bromo-5-(bromomethylene)-3-methylfuran-2(5H)-one(BF8)*’ are recently proved to inhibit
persistence. Where C10 specifically targets the persister cells specifically without affecting the antibiotic
sensitive cells BF8 restores the antibiotic sensitivity of the persister cells. Recent studies have proved that use of
various antimicrobial peptides and membrane active antibiotics or other biomolecules which damage the
bacterial cell membrane along with these chemotherapeutic agents can also prevent persister cell formation.
Lipoglycopeptides like telavancin, oritavancin, dalbavancin etcetera and daptomycin which is a membrane
active antibiotics can be used to remove persister cells from the bacterial population®’. In presence of high
dissolved oxygen concentration bactericidal antibiotics are also able to remove persister cells by generating
various reactive oxygen species (ROS) and hydroxyl radicals. Use of clofazimine which induce the generation
of ROS have the ability to eradicate persister cells of Mycobacterium tuberculosis from the host*'.

Possible drug targets for the eradication of persistence

As conventional antibiotics often fail to eradicate persistence new drugs must be developed in order to
control persistence. Throughout this review various molecular mechanisms are discussed which may be the
cause of bacterial persistence. According to recent research a complex network of proteins are involved in
persistence and many of the proteins can be targets for various drugs. Many proteins in this network inhibit
persistence directly or indirectly and various drugs can be used mimicking those proteins. Toxin-Antitoxin
systems are the most promising drug targets as various studies have shown reduction in persistence in absence
of Toxin-Antitoxin systems. Antitoxins inhibit toxin proteins by forming tight complex with Toxins or their
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targets but Antitoxins are proteolytically unstable. Proteolytically stable drugs mimicking antitoxins can be used
to treat bacterial persistence. Recent studies have proved that Antitoxins are degraded by Lon protease hence
increase persistence. Drugs inhibiting Lon proteases can be used to eradicate persistence. Involvement of PolyP
and ppGpp under stressed condition has also been proved. PolyP enhances activity of Lon protease and
polyphosphate kinase (PPK) synthesizes PolyP from inorganic phosphate. Both PolyP and PPK can be used as
drug targets in order to control persistence. ExopolyphosphaToxin-Antitoxin systemse (PPX) degrades PolyP
hence excess amount of PPX or drugs mimicking PPX can be used to combat persistence. PPX is inhibited by
(p)ppGpp under stringent condition which is regulated by RelA and SpoT proteins where RelA synthesizes
(p)ppGpp and SpoT hydrolizes (p)ppGpp. RelA can be the potential drug targets for the eradication of bacterial
persistence as in absence of RelA (p)ppGpp will not be produced and PPX will produce in large number which
will hydrolyze PolyP. As Lon protease activity depends on PolyP, in absence of it Lon protease cannot degrade
Antitoxins.

(e

E5 | ‘ Persistenne|
|Tm-t|n ‘R\
| {plppGpp ‘ | b |#

| Antitoxin |/
‘—{ | PPX |

J— * ‘ prﬂtease

!’|PF‘“ |_’|"°*V"|u

Fig: Possible drug targets to treat persistence. RelA, PPK, Lon protease, TAs (Toxin-Antitoxin systems)
and toxin proteins coded by the TAs can be used as drug targets for the eradication of persistence.

Conclusion:

After the discovery of penicillin and other antibiotics it was thought that various serious infectious
diseases can be cured readily. But due to the high mutation rate or phenomenon like persistence bacteria often
escape killing by antibiotics or other antibacterial agents.

So far we have discussed about the history of bacterial persistence, finding of persistent genes, effects
of various Toxin-Antitoxin systems on bacterial dormancy and other possible molecular mechanisms behind
bacterial persistence. Escaping antibiotic killing by various pathogenic bacteria through the formation of
persister cells is the overgrowing concern nowadays as most pathogenic bacteria become persistent in the
mammalian host cells and causes various chronic infections. Information is steadily accumulating favoring
strong relationship between TA system, bacterial persistence and biofilm formation. Deletions of various TA
systems have shown significant decrement in persistence and biofilm formation. As the persisters are well
known for the production of biofilm, it is a challenge to treat biofilm related diseases. Although recent studies
regarding the use of various chemotherapeutic agents or combinatorial antibiotic treatment have shown
eradication of persister cells lot more research is needed to be done. Until the correct mechanism of the
phenotypic switching of persistence is discovered persister pathogenic bacteria possess enormous threat to the
mankind.
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Bacterial persistence can be theoretically related to the formation of cancerous cells and the anti cancer

treatment. In case of non-small cell lung cancer persistence is observed. Chromatin remodeling may play a role
in this kind of persistency which is also seen in some pathogens **. Bacterial persistence can be the role model
for these malignant cells. More development in the field of bacterial persistence will lead to the development of
new antibiotics which will be able to eradicate the persister cells completely without affecting other rapidly
growing cells.
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