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Annomayus. Jleaenne 6akTepuanbHBIX HHOEKIMH aHTHOMOTHKAMHU CYIIECTBEHHO OCIJIOXKHSETCS BCIICACTBHE
a/IalITUBHBIX MEXaHU3MOB, KOTOPbHIE UCIOJIb3YIOT OaKTepUH. XPOHUYECKUE M PELUIUBUPYIOIIUE HH(EKINN Ya-
CTO CBSI3aHBI C TAKMMH IIPOLIECCAMH, KaK OakTepuaibHas MepCUCTEHIMs, 00pa3oBaHie OMOIUICHOK U TOJIEPaHT-
HOCTb K aHTHOMOTHKAM. DTH SIBJICHUS IPUBOAAT K CHIKSHUIO METa0OIMYEeCKOW aKTHBHOCTH, UTO JieflaeT OaKTe-
pHUH HETYBCTBUTEIHHBIMHU K OOBIYHBIM aHTHOMOTHKAM, KOTOPBIE MIPEUMYIIIECTBEHHO OKA3bIBAIOT BO3JCHCTBHE Ha
AKTHUBHO pacTynue KieTkd. CTPHHIKEHT-0TBET, PeryIupyeMblid anapmonamu (P)pPGpp, sABIsSeTCS MEXaHU3MOM
aJlalTayy K cTpeccy, KOHCEPBAaTUBHBIM JUII MHOTHX OaKTepHAIbHBIX BUIOB, M UTPAET KJIIOYEBYIO POJIb B 00ec-
NEeYCHUH JIOJITOBPEMECHHOTO BBDKMBAHMS MPH ACPUIMTE MHUTATCIBHBIX BellecTB. AmapMoHsl (P)PpGpp Takke
MMEIOT Ba)KHOE 3Ha4YeHHe B (DOPMHUPOBAHUU OAKTEpUATBHON MEPCUCTEHIMU U OMOIUICHOK. [10MCK HOBBIX aHTH-
0aKkTepUaIbHBIX MPENapaToB, crenupUUECKH HAIllEIEHHbIX Ha MojaBieHue cuHresa (P)pPGpp, U, Takum obpa-
30M, HHTHOUPYIOIIUX CTPHHKEHT-OTBET, MIPEACTAaBIAET cO00i MHOTOOOCIIAIOIIYIO CTPATETHIO B OOphOe ¢ Oak-
TepUaATbHBIMH MHGEKIMAMH. B 3TOM KOHTEKCTe MHTHOMTOPHI AJapMOHCHHTETA3 SIBISIOTCS MEPCHEKTHBHBIMU
KaHIUIaTaMH JUIsl KIMHAYECKOTO MPUMEHEHHS, IIOCKOJIBKY OHH AEMOHCTPHPYIOT 3 (QEKTUBHOCT B TIOAABICHUH
MEXaHU3MOB BBDKMBAHUS OaKTepUil, yMEHBIIAIOT 00pa3oBaHHe OHOIICHOK U CHIDKAIOT TOJIEPAHTHOCTh K aHTH-
OMOTHKAM U MEPCUCTEHLUIO OaKTepuil.
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Abstract. The treatment of bacterial infections with antibiotics is significantly complicated because of the
adaptive mechanisms employed by bacteria. Chronic and recurrent infections are often linked to bacterial persis-
tence, biofilm formation, and antibiotic tolerance. These processes result in reduced metabolic activity, rendering
bacteria insensitive to conventional antibiotics that primarily target actively growing cells. The stringent re-
sponse, regulated by (p)ppGpp alarmone molecules, serves as a stress adaptation mechanism. It is conserved
across numerous bacterial species and plays an important role in long-term survival under nutrient-depleted con-
ditions. (p)ppGpp alarmones also play a significant role in bacterial persistence and the formation of biofilms.
The pursuit of novel antibacterial agents that specifically target (p)ppGpp synthesis, thereby inhibiting the strin-
gent response, presents a promising strategy in the battle against bacterial infections. In this context, alarmone
synthetase inhibitors emerge as promising candidates for clinical application, as they have demonstrated their
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effectiveness in suppressing bacterial survival mechanisms, inhibiting biofilm formation, and reducing antibiotic
tolerance and bacterial persistence.

Keywords: bacterial persistence, antimicrobial resistance, alarmones, (p)ppGpp, dormancy, RSH, alarmone synthetase
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Introduction

Significant challenges in bacterial infection treatment emerge due to mechanisms of bacterial adaptation to
antibiotics, encompassing inherited resistance and non-inherited persistence [Brauner et al., 2017; Ehrt et al.,
2018]. Antimicrobial resistance results in ineffective antibiotic treatment, while bacterial persistence extends the
treatment duration and elevates the risk of infection relapse. Bacterial persistence stands as a major obstacle in
managing numerous chronic bacterial infections, including tuberculosis, recurrent urinary tract infections, ty-
phoid fever, staphylococcal infections, and various other bacterial diseases [Salcedo-Sora & Kell, 2020]. The
relevance of persistence in infection relapse can be exemplified by tuberculosis. In active tuberculosis, mycobac-
teria multiply within the patient's body, leading to the manifestation of disease symptoms and facilitating the
transmission of the infection. However, tuberculosis can persist in a latent state, when the bacteria survive within
the host's lungs without triggering noticeable symptoms [Gong & Wu, 2021]. Treatment for tuberculosis aims at
elimination of the actively growing bacterial population in the course of antimicrobial therapy. However, a sub-
sequent prolonged treatment is often necessary to eradicate latent TB infection and prevent relapse [Mandal et
al., 2019]. Clinically used antibiotics prove relatively effective against non-resistant strain during the initial
treatment phase, suppressing bacterial growth and managing disease symptoms [Huaman & Sterling, 2019].
However, in the subsequent continuation phase, conventional antibiotics frequently prove ineffective against
dormant persister cells, leading to a high incidence of recurrent infections [Mandal et al., 2019].

Bacterial persistence

Bacterial persistence is a phenomenon characterized by bacterial cells displaying reduced sensitivity to anti-
biotics forming a distinct subpopulation known as "persisters” within a bacterial population. Despite being genet-
ically identical to the regular cells, persisters possess the ability to endure antibiotic exposure by entering a
dormant state. Subsequently, they can reactivate their growth when conditions become favorable [Brauner et al.,
2016].

In contrast to bacterial cells that acquired antimicrobial resistance, persister cells do not rely on specialized
resistance genes or mutations to protect themselves from certain antibiotics. They emerge due to phenotypic
plasticity, including alterations in protein composition, enzymatic activities, transcriptomic profiles, second mes-
senger concentrations, DNA topology, and metabolic shifts [Balaban et al., 2004; Davis & Isberg, 2016]. A de-
fining characteristic of persister cells is their capacity to decelerate metabolic processes, providing protection
against antibiotic-induced damage [Wood et al., 2013]. Unlike genetically determined resistance, the persister
cell phenotype is not hereditary in subsequent generations. Consequently, following the end of antibiotic expo-
sure, persister cells can reactivate their metabolism, regain the ability to grow and divide, while preserving their
original genotype [Maisonneuve & Gerdes, 2014].

Even when environmental conditions are optimal for bacterial growth, a presence of slow-growing and non-
dividing cells within the bacterial population is observed [Grimbergen et al., 2015]. This adaptation can be inter-
preted as a bet-hedging strategy. The majority of the population directs its efforts towards maximizing resource
utilization and rapid expansion, while a smaller fraction of persister cells acts as a form of insurance, preparing
for potential future challenges or stressors [Kaldalu et al., 2016].

Based on the existing data, persistence appears to be a prevalent trait among all studied bacterial species to
varying degrees. A comprehensive analysis of experimental articles on bacterial persistence published up to
2020, encompassing 54 distinct antibiotics and 36 bacterial species, failed to identify any bacterial species inca-
pable of forming persister cells [Salcedo-Sora & Kell, 2020]. This significant finding underscores the notion
that, while resistance is confined to specific strains, persistence is a pervasive feature found in all bacterial spe-
cies investigated.

The efficacy of conventional antibiotics is contingent not only upon their direct interaction with cellular tar-
gets but also on the ensuing cascade of metabolic disturbances [Stokes et al., 2019]. For instance, antibiotics
such as ampicillin, kanamycin, and norfloxacin, despite targeting different bacterial cell components, trigger a
common phenomenon—the generation of hydroxyl radicals. These radicals can inflict damage upon macromole-
cules and, consequently, lead to bacterial cell death, a phenomenon not observed with bacteriostatic antibiotics
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[Kohanski et al., 2007]. Therefore, mitigating the activity of an antibiotic target in persister cells may prove cru-
cial in preventing the accumulation of toxic metabolites.

Indeed, numerous bactericidal antibiotics display a substantial reliance on the metabolic status of bacteria, as
evidenced by studies [Zheng et al., 2020]. This reliance of antibiotic effectiveness on the metabolic rate has been
well-documented across various antibiotic classes, including B-lactams, quinolones, and aminoglycosides. This
can be exemplified in slow-growing bacterial strains, characterized by an enhanced ability to survive and tolerate
antibiotics. This phenomenon is also noticeable in persister cells, which exhibit a slow metabolism, rendering
them less susceptible to the impact of bactericidal antibiotics [Kester & Fortune, 2014]. Given that most antibiot-
ics target actively functioning cellular components in actively growing cells, persister cells remain insensitive to
their effects.

The minimum inhibitory concentration (MIC) test typically utilized to determine antimicrobial resistance is
not suitable for assessing persistence, because persister cells do not proliferate in the presence of the antibiotic
but are able to survive in a dormant state [Brauner et al., 2018]. To analyze persistence, as well as tolerance, kill-
ing curves (time-kill curves) in the presence of an antibiotic are used (Fig. 1). An antibiotic is added to the bacte-
rial culture in a concentration exceeding the MIC, and the number of surviving cells in the culture is measured
depending on the time of incubation with the antibiotic. In the case of non-resistant cells, a two-phase curve is
observed. The first phase reflects the intensive killing of the general population of actively growing cells, and the
second phase is characterized by the slow killing of a small fraction of persisters [Lewis, 2010].
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Fig. 1. The typical killing curve of a non-resistant strain culture exposed to a bactericidal antibiotic:
Upon the addition of the antibiotic (A), the majority of cells within the culture will rapidly perish upon exposure (B).
These are the sensitive, actively growing cells within the population. Approximately 102 cells per ml exhibit a signif-

icantly slower killing rate (B). These surviving cells constitute a population of persisters, which, in this case, is ap-
proximately 100,000 times smaller than the entire population (108 CFU per ml). The curve is generated using the
Matplotlib Python package and is based on the equation 1 [Klapper & Dockery, 2010].
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In some bacterial species, the eradication of persister cells within a population can be achieved by repeated
culture reinoculation during the early exponential phase, thereby preventing the culture from transitioning into
the stationary or lag phase. This phenomenon has been demonstrated in Escherichia coli, Pseudomonas aeru-
ginosa, and Staphylococcus aureus [Keren et al., 2004]. However, it is only partially characteristic of other bac-
terial species, such as Mycolicibacterium smegmatis [Bhaskar et al., 2018]. This observation underscores the
important role of stationary or lag phase stresses in the development of a persister metabolic state. Numerous
studies have demonstrated the inducing influence of various stressors on the emergence of persister cells. This
effect is noticeable in response to oxidative stress [Wu et al., 2012], acid stress [Hong et al., 2012], or change of
carbon source [Amato et al., 2013; Amato & Brynildsen, 2015; Mok et al., 2015].

Both resistance and persistence represent distinct strategies employed by bacteria to counteract antibiotics
and are not concurrently active within the same bacterial strain. Nevertheless, over the course of the species' evo-
lution, these strategies can complement each other [Vogwill et al., 2016]. Persister cells undergo evolutionary
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pressure from antibiotics but manage to survive their effects. As a result, with each new generation, random mu-
tations accumulate in these surviving cells, some of which may confer resistance to the antibiotic. Persistence
facilitates the natural selection of such mutations under the direct influence of environmental factors, such as
antibiotics, occasionally resulting in the conversion of persistence into resistance [Sebastian et al., 2017]. There-
fore, bacteria that are frequently exposed to antibiotics and manage to survive through persistence are at a higher
risk of accumulating mutations that provide antimicrobial resistance [Cohen et al., 2013; Mandal et al., 2019].

Persister formation factors

The emergence of persister cells is closely linked to the growth phase of a batch culture. The largest propor-
tion of persister cells forms during the stationary phase, attributable to slower growth rates [Brauner et al., 2016;
Salcedo-Sora & Kell, 2020]. Furthermore, persister cells are generated during the lag phase, when growth halts
as the bacteria adapt to environmental conditions [Brauner et al., 2016]. Additionally, they are formed at a lower
frequency during the exponential phase, partly due to genetic noise and population heterogeneity [Zhang, 2014;
Amato & Brynildsen, 2015].

Biofilms also play a significant role in the development of persistence. The biofilm matrix restricts the nutri-
ent availability into the innermost and mature regions of the biofilm [Yan & Bassler, 2020]. This limitation re-
sults in localized nutrient depletion, requiring adaptation to starvation conditions. Stress response renders the
cellular targets of antibiotics inactive, making cells insensitive to antibiotics effects. This represents one of the
mechanisms that induces the emergence of persister cells within biofilms [Nguyen et al., 2011]. Consequently,
persister cells are integral components of biofilms and contribute to their enhanced ability to survive exposure to
antibiotics.

Identifying the genes responsible for the development of persistence is a challenging endeavor that demands
a non-trivial approach. A method that has been successful in pinpointing genes linked to fundamental bacterial
functions, such as flagella formation, chemotaxis, virulence, which involves screening libraries of single knock-
outs, has proven unyielding in discovering a single-knockout mutant that fails to generate persister cells [Lewis,
2010]. Nonetheless, in strains with knockouts of certain global transcriptional regulators that influence the ex-
pression of numerous genes, a tenfold reduction in the persistence frequency has been observed. These findings
point to the cumulative nature of persister cell formation. It appears that persisters are generated through the
concerted action of multiple independent and parallel mechanisms, aligning with their adaptive characteristics.
An important implication of the polygenic basis for persister cell formation is the impossibility of entirely sup-
pressing it with a single pharmacological compound [Lewis, 2010].

Analogous to the term "resistome,” which refers to a set of resistance genes, we can introduce the concept of
a "persistome" for genes involved in the formation of persistence. The persistome encompasses a diverse array of
genes [Keren et al., 2004; Prax & Bertram, 2014]. However, the genes most frequently discussed in the literature
concerning persistence are those related to toxin-antitoxin modules [Zamakhaev et al., 2019] and (p)ppGpp
alarmones synthesis [Harms et al., 2016].

Dormancy

Bacterial dormancy denotes a state in which bacterial cells cease metabolic activity and reproduction for an
extended period while remaining viable [Wood et al., 2013]. Dormancy can be regarded as a more pronounced
form of growth cessation [Brauner et al., 2016]. Different levels of dormancy depth are discerned based on the
duration of the lag phase required for growth resumption [Pu et al., 2019]. The utmost level of dormancy depth is
evident in viable but nonculturable bacterial cells (VBNC) [Pu et al., 2019].

Combining fluorescence microscopy and microfluidics techniques, researchers found that cells of a hyperper-
sistent hipA7 mutant strain that survived ampicillin action showed no growth before the exposure to the antibi-
otic [Balaban et al., 2004]. Another study showed that pretreatment with the transcription inhibitor rifampicin or
the translation inhibitor tetracycline resulted in increased survival when exposed to the ampicillin and ciproflox-
acin antibiotics, linking reduced protein synthesis to persistence [Kwan et al., 2013]. The important role of ATP
synthesis as a marker of persistence was demonstrated in a study where cells were exposed to arsenate, which
disrupts glycolysis and thus reduces ATP production. Cells with low levels of ATP, characteristic of the station-
ary phase, had a level of persistence to ciprofloxacin and ampicillin to the same extent as stationary-phase cells
[Shan et al., 2017]. In addition, a decrease in intracellular ATP concentration serves as a regulator of the for-
mation of insoluble protein aggregates called aggresomes, which contribute to the formation of dormancy and
ultimately persistence [Pu et al., 2019]. The mentioned experimental data clearly indicate the dormant nature of
the persistence phenomenon.

However, the existing body of evidence challenging a robust connection between persistence and dormancy
is limited. For instance, utilizing fluorescence-activated flow cytometry, researchers discovered that low meta-
bolic activity does not necessarily presume persistence, as more than 99% of dormant cells did not exhibit per-
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sister characteristics [Orman & Brynildsen, 2013]. Furthermore, this study revealed that around 20% of persister
cells were in a state of active growth. These findings, however, have faced criticism related to the inherent biases
of the method and the criteria used to define the growing state [Wood et al., 2013]. Subsequently, the same re-
search group employed an improved version of the same method, revealing that ofloxacin persisters exhibited
reduced levels of protein synthesis [Henry & Brynildsen, 2018].

Activation of the marRAB operon results in the development of antibiotic insensitivity without impeding
growth. Moreover, heightened expression of efflux pumps can decrease the antibiotic burden within a cell
through active expulsion. These mechanisms can be instigated by genetic alterations, constituting a manifestation
of resistance. Nevertheless, the overexpression of these genes can also stem from random fluctuations or stress, a
characteristic of persistence. To delineate these occurrences, the concept of heteroresistance is employed, where
only a fraction of the population demonstrates resistant traits [Brauner et al., 2016].

Drawing from the preceding discussion, it becomes evident that dormancy is indeed a distinctive feature of
persister cells. However, it's important to note that while dormancy is associated with persistence, the two no-
tions are not entirely synonymous. If a cell is incapable of emerging from a state of profound dormancy, it would
not be considered part of the persister population that withstands the antibiotic's effects [Pu et al., 2019].

(p)ppGpp alarmones

A study examining the hipA7 allele, which is associated with a higher persister frequency, found that when
the relA and spoT genes are deleted, the hip mutant of E. coli no longer exhibits an increased production of per-
sister cells [Korch et al., 2003]. In E. coli, the relA and spoT genes encode (p)ppGpp synthetase proteins respon-
sible for converting guanosine nucleotides into nucleotide messengers known as (p)ppGpp or alarmones [Bel-
jantseva et al., 2017]. The term "alarmones” is derived from a fusion of the words "alarm™ and "hormone,"” re-
flecting the fact that these regulatory molecules are synthesized within bacterial cells in response to unfavorable
environmental conditions, effectively functioning as molecular alarm signals.

Stress factors can disrupt the optimal rate of the translation elongation process. To address this challenge,
cells activate a mechanism known as the stringent response. The classic stringent response in bacteria is trig-
gered when there is a shortage of amino acids. Protein synthesis necessitates a supply of all 20 amino acids. In-
sufficient levels of even one amino acid within the cell can result in the production of incomplete and nonfunc-
tional proteins. In such instances, the cell initiates the stringent response, which, in the E. coli, is orchestrated by
the enzyme RelA, capable of synthesizing (p)ppGpp [Starosta et al., 2014]. When any amino acid becomes
scarce, the corresponding uncharged tRNA starts to accumulate within the cell. RelA forms a complex by initial-
ly binding to the uncharged tRNA and subsequently to the ribosome. This formation of the RelA-tRNA-
ribosome complex activates the alarmone synthetase RelA, ultimately leading to an accumulation of (p)ppGpp
within the E. coli cell [Winther et al., 2018]. Alarmones are able to bind RNA polymerase, modulating its selec-
tivity for gene promoters [Mechold et al., 2013]. They suppress the ability of RNA polymerase to interact with
GC-rich discriminatory regions of promoters, characteristic of ribosomal RNA and protein genes, which reduces
their transcription level, and therefore the rate of protein synthesis [Wagner, 2002; Burgos et al., 2017].

Guanosine nucleotides, namely GTP, GDP, and GMP (guanosine triphosphate, guanosine diphosphate, and
guanosine monophosphate), serve crucial roles in intracellular energy and information processes. GTP is utilized
by RNA polymerase for RNA strand synthesis. In RNA, the linkage between adjacent nucleotides forms between
the 5'-phosphate and the 3'-OH group [Murakami, 2015]. However, as part of the stringent response, guanosine
nucleotides are transformed into regulatory molecules known as alarmones. This conversion is catalyzed by
(p)ppGpp synthetases, capable of transferring pyrophosphate from ATP to the 3'-OH group of GTP, GDP, or
GMP, resulting in the synthesis of guanosine pentaphosphate (pppGpp), guanosine tetraphosphate (ppGpp), and
guanosine 5'-mono-3'-diphosphate (pGpp) (Fig. 2) [Syal et al., 2021]. The alarmones pppGpp and ppGpp are
typically collectively referred to as (p)ppGpp. However, if pGpp is included, all three alarmones are denoted as
(pp)pGpp. Alarmones represent just one instance of regulatory molecules generated from available metabolites
within the organism [Irving et al., 2021].

Since the (p)ppGpp molecule was first discovered in 1969 through autoradiography by Cashel and Gallant
[Cashel & Gallant, 1969], the comprehension of its cellular functions has significantly broadened beyond the
stringent response. In E. coli, the accumulation of (p)ppGpp has far-reaching effects, influencing the expression
of approximately 500 genes by stabilizing RpoS, a sigma factor for stationary phase genes [Merrikh et al., 2009].
Moreover, in E. coli cells, (p)ppGpp directly inhibits DNA primase [Maciag et al., 2010; Giramma et al., 2021],
thereby restricting DNA replication, suppresses rRNA synthesis, and modulates the transcription of the ribosome
modulation factor Rmf, affecting translation [lzutsu et al., 2001]. Collectively, these changes result in a slow-
down of cell growth [Pacios et al., 2020]. The set of identified targets affected by (p)ppGpp continues to expand
[Kushwaha et al., 2020]. For instance, the interaction of (p)ppGpp with the translation initiation factor IF2 halts
protein synthesis [Diez et al., 2020], the suppression of GTPase activity by (p)ppGpp leads to a reduction in the
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number of mature ribosomes [Corrigan et al., 2016], and (p)ppGpp interaction with HPRT inhibits purine me-
tabolism [Anderson et al., 2019].
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Fig. 2. Alarmone synthesis and hydrolysis:

In the (pp)pGpp synthesis process, pyrophosphate is transferred from ATP to the 3'-OH group of GTP/GDP/GMP, leading
to the production of AMP. During hydrolysis, the 3'-pyrophosphate in (pp)pGpp is cleaved, resulting in the restoration of
GTP/GDP/GMP. These reactions are catalyzed by enzymes belonging to the Rel A/SpoT homolog (RSH) superfamily. Long
RSHs are generally capable of both (p)ppGpp synthesis and hydrolysis, while short RSHs are specialized for either synthesis
(small alarmone synthetases, or SAS) or hydrolysis (small alarmone hydrolases, or SAH).

Furthermore, research has demonstrated an association between elevated levels of (p)ppGpp and the devel-
opment of tolerant and persistent cells [Rodionov & Ishiguro, 1995; Hobbs & Boraston, 2019]. P. aeruginosa
mutants deficient in the spoT and dksA genes, which exhibit heightened (p)ppGpp levels, display the suppression
of negative DNA supercoiling. This suppression restricts DNA replication and transcription, ultimately confer-
ring tolerance to ofloxacin and ciprofloxacin [Viducic et al., 2006]. Alarmones enhance antibiotic tolerance in
Vibrio cholerae by diminishing the production of reactive oxygen species in response to antibiotic exposure
[Kim et al., 2018]. Furthermore, the role of (p)ppGpp in the emergence of resistance to penicillin and vancomy-
cin antibiotics has been elucidated [Wu et al., 2010].

Bacteria residing in the deeper layers of biofilms confront restricted nutrient availability, prompting the acti-
vation of the stringent response. It has been established that the persistence of P. aeruginosa and E. coli cultivat-
ed within biofilms is contingent on (p)ppGpp. In the ArelA AspoT mutant of P. aeruginosa, which exhibits im-
paired (p)ppGpp production, the protective capacity of biofilms against antibacterial agents diminishes [Nguyen
et al., 2011]. The influence of (p)ppGpp on biofilm formation has also been documented in Pseudomonas putida
[Liu et al., 2017], Helicobacter pylori [Zhao et al., 2021], M. smegmatis [Gupta et al., 2015], and Mycobacte-
rium tuberculosis [Gupta et al., 2021].

The alarmone (p)ppGpp plays a crucial role in growth rate control in E. coli [Potrykus et al., 2011]. Growth
rate control ensures that the ratios of total RNA to DNA and total RNA to protein within a cell increase as the
number of cell divisions per hour rises. The (p)ppGpp-deficient strain lacks the ability to regulate growth rate
entering the stationary phase without achieving metabolic equilibrium [Potrykus et al., 2011; Fernandez-Coll et
al., 2020]. Given that a decreased level of (p)ppGpp hampers cellular adaptation to the stationary phase, blocking
the stringent response systems can prevent the development of the persister cell phenotype, which is characteris-
tic of this growth phase.

Nonetheless, even in the (p)ppGpp-deficient background, bacterial cells can still generate persisters, albeit in
reduced quantities. Studies have revealed that augmented production of toxins such as MgsR, MazF, GhoT, and
YafQ in E. coli ArelA AspoT cells still results in increased persistence. Therefore, (p)ppGpp is not an absolute
prerequisite for the formation of persisters. However, when these toxins are expressed in the presence of
(p)ppGpp, a statistically significant increase in the number of persisters is observed [Chowdhury et al., 2016].

The stringent response is a mechanism of adaptation to stress, conserved among different bacterial species,
and is involved in long-term survival during nutrient starvation, biofilm formation, virulence, antibiotic tolerance
and persistence in M. tuberculosis [Warner & Mizrahi, 2006; Gupta et al., 2021]. When the reluw gene, respon-
sible for the synthesis of (p)ppGpp, is deleted from M. tuberculosis, the bacterium loses the ability for long-term
survival in stress conditions and is no longer able to induce latent tuberculosis in a mouse model infected with
this particular bacterial strain [Weiss & Stallings, 2013]. (p)ppGpp deficiency in M. tuberculosis leads to im-
paired long-term survival during nutrient starvation or hypoxia [Primm et al., 2000], as well as decreased persis-
tence during the chronic phase of infection in the lungs of mice [Dahl et al., 2003]. This strain also loses the abil-
ity to adapt the division rate to the composition of the culture medium. The replication rate in carbon-depleted
medium becomes the same as in the nutrient rich medium, which leads to the death of bacteria, in contrast to the
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wild-type strain with an adaptive division rate. Additionally, this strain loses its capacity to regulate intracellular
ATP concentration and to suppress lipid metabolism during nutrient starvation, resulting in reduced viability
[Dutta et al., 2019]. The deletion of relu in M. tuberculosis cells leads to the absence of extensive tuberculous
lesions and histological signs of granulomas in the lungs of guinea pigs infected with this strain [Klinkenberg et
al., 2010]. Under starvation conditions, the minimum bactericidal concentration of isoniazid, which is the con-
centration needed to eliminate 99% of M. tuberculosis cells in culture, increases 512-fold. However, in the strain
with a reluw deletion, no such increase is observed [Dutta et al., 2019]. These findings indicate that the full func-
tioning of the stringent response is essential to ensure M. tuberculosis tolerance to bactericidal antibiotics when
subjected to stress in vitro and within animal tissues and underscore the potential clinical significance of
(p)ppGpp in the management of bacterial infections.

Alarmone synthetase inhibitors

The development of novel drugs plays an important role in the battle against tuberculosis. Over the last dec-
ade, novel anti-tuberculosis drugs, such as bedaquiline and delamanid, have been introduced. These drugs fea-
ture novel mechanisms of action aimed at addressing multidrug resistance [Li et al., 2019]. While novel mecha-
nisms can address resistance, they represent a temporary solution unless measures are taken to shorten treatment
duration and control latent tuberculosis in its advanced stages. Antibacterial agents targeting persistent and toler-
ant cells, along with biofilms, hold promise as potential solutions to these challenges. The stringent response
inhibition emerges as a promising strategy for the treatment of tuberculosis infection [Danchik et al., 2021].

A novel class of antibacterial compounds that inhibit the (p)ppGpp synthesis in bacteria holds the potential to
address late phases of infection and tackle the issue of persistence [Kushwaha et al., 2019]. Compounds that in-
hibit (p)ppGpp synthesis demonstrate limited activity against actively growing bacterial cells but can efficiently
target late bacterial cultures, where the proportion of slowly growing and dormant cells increases [Dutta et al.,
2019]. This feature presents a potential remedy for the issue posed by conventional antibiotics, which, despite
their effectiveness against actively growing cells, have limited influence on non-growing cells.

The class of alarmone synthetase inhibitors comprises structurally diverse compounds, including relacin and
its analogs, vitamin C, GSK-X9, and DMNP [Sinha et al., 2023]. Relacin effectively inhibited the sporulation of
Bacillus anthracis, the causative agent of anthrax, and impeded biofilm formation in Bacillus subtilis [Wex-
selblatt et al., 2012]. Relacin analogs AC and AB disrupted long-term cell survival in M. smegmatis cultures
under nutrient-starved conditions. These compounds suppressed biofilm formation in both M. smegmatis and
M. tuberculosis and also disrupted pre-existing biofilms [Syal et al., 2017]. The X9 inhibitor effectively mitigat-
ed tolerance to isoniazid induced by nutrient starvation [Dutta et al., 2019]. Exposure to X9 replicated the sur-
vival deficiencies observed in the M. tuberculosis strain with the relmsn gene deletion. Furthermore, DMNP
demonstrated activity against M. smegmatis stationary phase cells and possessed the capability to interfere with
biofilm formation in this bacterium [Tkachenko et al., 2021]. The ability of these compounds to suppress biofilm
formation, impair long-term survival in nutrient-starved conditions, and reduce tolerance and persistence indi-
cates the clinical potential of alarmone synthetase inhibitors for the treatment of bacterial infections.

Conclusion

Bacterial persistence serves as an important bacterial strategy to reduce susceptibility to antibiotics. In con-
trast to antimicrobial resistance, persister cells cannot actively grow in the presence of antibiotics; instead, they
transition into a slowly growing or completely dormant state. This shift can be advantageous because conven-
tional antibiotics primarily target metabolic processes in actively growing cells, leaving persisters capable of
surviving antibiotic exposure. Research has unveiled a link between heightened (p)ppGpp levels and the emer-
gence of tolerant and persistent bacterial cells. The stringent response, a stress adaptation mechanism, which is
conserved in many bacterial species, is instrumental in long-term survival under nutrient-depleted conditions and
contributes to processes such as biofilm formation, virulence, antibiotic tolerance, and persistence. The pursuit of
novel antibacterial agents that specifically target (p)ppGpp synthesis, thus inhibiting the stringent response, rep-
resents a promising approach to combat bacterial infections. Alarmone synthetase inhibitors show great potential
for clinical application in this context, as they have demonstrated their effectiveness in suppressing bacterial sur-
vival mechanisms, inhibiting biofilm formation, and reducing antibiotic tolerance and bacterial persistence.
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