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Summary



Certain bacterial populations are known to overcome stress-induced lethality by virtue
of entering a non-dividing, non-metabolizing state. While most of the parent population
is susceptible to the stress and dies, a small genetically-identical fraction of the
population "persists" until the stress is removed. These “persisters” then resuscitate as
a normally-growing population of cells. Persister cells are generated stochastically as
well as on exposure to certain biotic or abiotic stresses. Studies have inferred a role of
toxin-antitoxin systems, alarmone-mediated stringent response, oxidative stress-
response, DNA damage-mediated stress response as well as energy production in the
formation of persister cells. Understanding the phenomenon of persistence has become
crucial given the ever-increasing number of bacterial pathogens that form persister cells
as well as the implication of persister cell-forming bacteria in the intractability of
chronic clinical infections. Klebsiella pneumoniae accounts for one-third of all Gram-
negative infections, ranging from pneumonia and urinary-tract infections to liver
abscess and septicaemia. The aim of this study was to identify persister cells in clinical

isolates of K. pneumoniae and decipher the genetic pathways that mediate persistence.

Clinical isolates of K. pneumoniae were screened for their sensitivity to various
antibiotics, and their survival as a function of time in supra-inhibitory concentrations of
specific drugs was observed. Isolates exhibiting a biphasic killing were further
characterized. The genome of the selected isolate was sequenced and its gene expression
profile under antibiotic treatment was determined. A few candidate genes were chosen
and their involvement in persister cell-formation assayed by deletion and

overexpression studies.
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Results from this study identified a multidrug-resistant isolate of K. pneumoniae -
KpIMS38 - that forms persister cells in response to treatment with the fluoroquinolone
drug levofloxacin. Persister cells were produced at concentrations equivalent to as well
as much higher than the minimum inhibitory concentration for levofloxacin, increased
in number as the age of the culture increased, and exhibited cross-tolerance to other
classes of drugs at inhibitory concentrations. Persistence was observed to not be
heritable in nature since successive generations of persister cells did not exhibit any
advantage in overcoming the antibiotic. Cell populations treated with levofloxacin
exhibited regular-sized and large-sized sub-populations, the latter being enriched on

treatment with levofloxacin vis-a-vis untreated populations.

A draft genome of KpIMS38 was generated through this study, as were transcriptomes
of untreated and levofloxacin-treated KpIMS38. These datasets aided in the
identification of certain components of the DNA-repair pathway as well as toxin-
antitoxin systems as being involved in the persistence of KpIMS38. Experimental
evidence obtained in the present study also identified the importance of paired reference
genes to study gene expression in KpIMS38 persister cells formed by levofloxacin

treatment.

This present study sheds light on the relatively-unexplored domain of persistence in K.

pneumoniae and serves as a starting point for further work on the subject.
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Introduction



1.1 Persistence — A history

Survival under changing environmental conditions require adaptations. Bacterial cells
seem to have mastered the art of adaptation. They accomplish this by resorting to changes
in the cellular physiology and metabolism, that in turn affects other aspects of the cell
structure and function, such as membrane permeability, efflux, sporulation, and dormancy.
The environments inhabited by micro-organisms are not only of a complex nature but are
subject to constant change. Bacterial cultures are grown in laboratories on bacteriological
culture media that is nutritionally abundant, whereas bacteria found in nature inhabit
environments that are generally oligotrophic. Microbes have evolved numerous responses
to starvation, which include endospore formation, biofilm formation (Willey et al, 2017).
A significant stress factor that bacteria encounter includes compounds with antimicrobial

properties.

Since the discovery of penicillin by Alexander Fleming as a compound lethal to the bacteria
causing diphtheria, meningitis, pneumonia, and scarlet fever (Fleming, 1929),
antimicrobial compounds active against bacteria, or antibiotics, have been extensively used
to treat a wide variety of conditions caused by bacterial infections (Cossart, 2018). The
optimism of antibiotic therapy was, however, short-lived and was soon replaced by scourge
of antibiotic resistance. Penicillin, the extract of the fungus Penicillium notatum, was first
used to treat a gonococcal infection of the eye in a neonate in 1930 (Wainwright and Swan
1986) and by 1945, penicillin was being mass produced at over 646 billion units annually
in the USA (Parascandola, 1980). However, an enzyme that degrades penicillin, termed
"penicillinase", was found to be naturally produced by bacteria as early as 1938 (Booth and
Green, 1938). Also discovered was the innate resistance of certain bacteria to the killing
action of penicillin (Hobby et al, 1942a), by no less than Fleming himself at the time its

discovery (Fleming, 1929). Newer studies have unearthed the prevalence of resistance to



beta-lactams, glycopeptides and tetracycline in bacteria 30,000 years ago (D’Costa et al,
2011). This is testament to the fact that apart from the classical methods of acquiring
antibiotic resistance, i.e., errors in replication and horizontal-gene transfer, bacteria
inherently possess mechanisms to overcome the toxic stress imposed by antibiotics.
Antibiotic resistance has been implicated as the cause of 700,000 annual deaths globally, a
figure that could escalate to 10 million deaths per year three decades from now if the
situation were to be left unchecked (Morrison and Zembower, 2020). The concern
regarding antibiotic resistance is understandably resolute, although another crisis has been
fomenting that could exacerbate the predicament posed by antibiotic-resistance even

further.

In 1942, Gladys Hobby was examining the activity of penicillin against various gram-
positive bacteria. She observed that, given a constant number of hemolytic streptococci,
increasing the concentration of penicillin hastened the rate of killing of the bacteria. This
killing however failed to eliminate the entire culture. From the original population, 1% of
the cells either multiplied and increased in number or were killed at a much slower rate
(Hobby et al, 1942b). Two years later while investigating the bactericidal action of
penicillin with Staphylococcus aureus — then referred to as Staphylococcus pyogenes —
Joseph Bigger observed the frequent inability of the antibiotic to completely kill all the
bacteria present in the culture. The most he could attain was a reduction in the cell number
by six orders of magnitude (Bigger, 1944). He explained this phenomenon as a
consequence of the presence of variant cells, randomly distributed among the bacterial
population, in minute proportions that allowed the bacteria to "persist" through a lethal dose
of the antibiotic penicillin. He discovered that specific cells within the original culture were
pre-ordained to form "persisters". Bigger also observed that exposure to new environmental

conditions led to the induction of persister cells. His most significant finding, however, was



the discovery that persisters were able to endure the lethal action of penicillin as a result of
being in a non-dividing and dormant state. He drew this conclusion on the basis of three

observations:

a) The number of survivors, after treatment with penicillin, in bacterial cultures
incubated at 37°C and at room temperature were much lower than that observed in

cultures incubated at 4°C.

b) Bacterial growth was stalled when grown in medium diluted with water (1:800).
When treated with penicillin, this culture showed a minimal reduction in cell

numbers.

c) Treatment of bacterial cultures with penicillin in the presence of boric acid, a
bacteriostatic compound, resulted in the death of only a fraction of the population,

with almost 70% of the culture still surviving.

The comprehensive nature of Bigger's examination of the phenomenon laid the foundation
for most of the initial work carried out on persister cells. Key among his inferences was the
designation of persister cells as separate from resistant cells, due to the absence of any
special properties that set them apart from the normal antibiotic-susceptible cells. Since
any property that conferred resistance against an antibiotic upon the persister cells should
be passed on to their descendants thereby granting them better fitness against the same
antibiotic, the lack of an increase in the number of survivors upon being treated with the
same antibiotic indicated the ability of intransigence to be distinct from antibiotic

resistance.

While Bigger's findings are revolutionary in hindsight, they were obfuscated at the time by
antibiotic resistance and the catastrophic outcomes it spawned for microbiology and

healthcare. The phenomenon remained largely unexplored, with a handful of reports



describing the survival of a fraction of a bacterial population on treatment with antibiotics
and their subsequent resuscitation to normal growth on removal of the antibiotic
(McDermott, 1958; Greenwood, 1972) without any further investigation into the
mechanisms that cause and maintain the persister state. The first lead towards any sort of
explanation was uncovered by Moyed and Bertrand in 1983, when they reported the
presence of an E. coli mutant that yielded persisters 3-4 orders of magnitude higher than
the wild-type allowing it to better survive exposure to ampicillin (Moyed and Bertrand,
1983). The mutation mapped to a novel locus they termed hipA, and the specific mutant

that yielded a high proportion of persister cells hipA7.

The first genuine findings that can be credited to reviving the sphere of bacterial persistence
can be considered in two studies published in subsequent years, both carried out by the
research group of Kim Lewis. Brooun et al (2000) unearthed a subpopulation of cells
present in Pseudomonas aeruginosa biofilms that survived exposure to the fluoroquinolone
ofloxacin. A dose-response curve for the biofilm resulted a plateau at high concentrations
of the antibiotic, which was a consequence of the "superresistant" cells. A year later,
another study was published by the same group where they studied the biofilm-antibiotic
interaction further, and found that P. aeruginosa cells, when dislodged from the biofilm,
exhibited sensitivity to ofloxacin comparable to their free-floating planktonic counterparts.
They concluded that the recalcitrance of the biofilm to antibiotics was due the presence of
persister cells within the biofilm. They further identified persister cells in stationary-phase
cultures of P. aeruginosa, that allowed the biofilm to tide over high concentrations of the
antibiotic (Spoering and Lewis, 2001). These findings significantly broadened interest in
the field over the next 20 years and resulted in a greater understanding of the phenomenon

of bacterial persistence.



1.2 Persistence vs Resistance

Bacterial persistence was reported for the first time during the 1940s based on observations
of antibiotics being unsuccessful in completely eliminating bacteria in broth cultures. They
were therefore perceived as bacteria exhibiting some form of resistance to the antibiotic
administered. This is evident from the inferences of Brooun et al (2000) who, upon
encountering the same phenomenon while studying P. aeruginosa biofilms, referred to the

cells as superresisters, implying some manner of resistance.

How then can bacterial persisters be defined? In June 2018, a consensus statement was
drafted during the workshop ‘Bacterial Persistence and Antimicrobial Therapy’ organized
by the European Molecular Biology Organization (EMBO), the motive of which was to
standardize definitions relating to antibiotic persistence (Balaban et al, 2019). Under the
aegis of the statement, persistence is defined as the capacity of a fraction of a bacterial
population to endure exposure to an antibiotic at a concentration that is lethal to the
bacteria. It differs from resistance in that the latter confers upon bacteria the attributes of
surviving exposure to an antibiotic as well as replicating in its presence. A property to
distinguish bacteria exhibiting the two aspects is the minimum inhibitory concentration
(MIC), which corresponds to the minimum amount of a particular antibiotic required to
inhibit bacterial replication. Resistant bacteria require a higher concentration of an
antibiotic to affect cellular metabolism and replication and consequently exhibit a higher
MIC than their susceptible counterparts (Figure 1.1). In contrast, the MIC for the antibiotic
remains unchanged in persistent bacteria, meaning they are equally sensitive to the drug as

are susceptible bacteria.

Another property that distinguishes persistence from resistance is the inability of persister
cells to replicate in presence of the antibiotics, akin to the susceptible bacteria. It is

important to point out the similarity to heteroresistance or phenotypic resistance (Gollan et



al, 2019), wherein a subset of a susceptible bacterial population becomes transiently
resistant to an antibiotic (Figure 1.1). The difference between the two lies in a significant
elevation (transient) of the MIC by the cells belonging to the subpopulation, resulting in an

increase in population-numbers upon protraction of the antibiotic treatment (Figure 1.2 D).
1.3 Persistence vs Tolerance

Studies of persistence in bacteria tend to use the term interchangeably with tolerance. This
tendency seems legitimate considering the similarity between the mechanisms that result
in both phenomena; both exhibit reduced levels of ATP as well as cellular metabolism, and
appear to be dormant (Lewis, 2007). The difference between the two lies in the fraction of
the population that exhibits the phenotype; tolerance allows the entire population to survive
exposure to the antibiotic while persistence preserves only a fraction of the original
population (Balaban et al, 2019) (Figure 1.1). An effective method of distinguishing
persistence from tolerance is by comparing the killing kinetics of a bacterial culture in
response to antibiotic-treatment. The cell numbers in a tolerant population reduce at a
uniform rate over a much longer period (compared to their susceptible counterparts),
whereas the reduction observed in a population containing persisters is discontinuous with
an initial rapid reduction followed by an extremely slow decrease in the cell number over
time (Figure 1.2 E). This biphasic killing correlates with the death of susceptible cells in

the population that leaves behind a small fraction, which represents persisters.

An approach to distinguish between persistence and tolerance was introduced by Fridman
et al (2014) that measured the minimum duration for killing (MDK). The cell numbers were
represented as the fraction of the original population surviving antibiotic treatment as a

function of time and were used to calculate the MDK,, and MDK, 49, corresponding to the

duration required to eliminate 99% and 99.99% of the original population respectively. A



bacterial population exhibiting tolerance had a higher MDK,, than its susceptible
counterpart; the slow, gradual reduction in the cell numbers indicating the population
uniformly tolerating the lethal antibiotic dose. In contrast, a population forming persister
cells when treated with a lethal dose of an antibiotic exhibited a MDK,, identical to the
susceptible population, but a much higher MDK, oo. This indicated that persister cells

make up only a small fraction of the population (Figure 1.2 D and E).
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Figure 1.2 (overleaf) Schematic representation depicting the response of bacteria
exhibiting different responses to antibiotic treatment. Bacteria demonstrating resistance
(red, solid), heteroresistance (red, dotted), tolerance (blue, solid) and persistence (blue, dotted)
to an antibiotic are compared to bacteria susceptible (green, solid) to it. Bacterial response is
visualised as the proportion of the original culture (%) that survives antibiotic treatment as a
function of time. The time required for the cell numbers to reduce to 1% (T1) and 0.01 % (T2)
of the original are depicted as an additional means of comparing the different responses to

antibiotic exposure.

1.4 Differentiating antibiotic persistence from persistent bacterial infections

It is important, at this juncture, to shed light on two terms that appear to describe the same
phenomenon but are actually distinct from each other. As described previously, antibiotic
persistence is the presence of a sub-population, which is able to overcome exposure to a lethal
dose of an antibiotic compound, in a population predominantly consisting of cells that are killed
by the same dose of the antibiotic. In contrast, persistent bacterial infections occur when
bacteria that have invaded a host elude its immune system and remain within the host. Some
infections remain asymptomatic, all the while retaining the potential to be revived and present
as a clinical disease. Some infections do not abate, with the disease-symptoms persisting in

spite of standard antibiotic treatment being administered, and become chronic in nature.

Bacterial infections become persistent through a variety of ways. A failure of the immune
system to clear the pathogen generally results in a persistent infection when no antibiotic
therapy has been administered. This could be a consequence of the immune system being
unable to detect the pathogen as observed in Borrelia (Norris, 2006). It could also result from
the pathogen manipulating the immune response to prevent its clearance, and has been
observed in Listeria monocytogenes and Mycobacterium tuberculosis (Redpath et al, 2001).
Additionally, studies have attributed persistence to lysis-avoidance by pathogens on being

internalised by host immune-cells — seen in Legionella pneumophila and Salmonella enterica
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var. Typhi (Scott et al, 2003) — as well as to shielding afforded by physical barriers like biofilms
in Pseudomonas aeruginosa (Jesaitis et al, 2003) or granulomas in M. tuberculosis (Lawn et

al, 2002) thereby preventing clearance by the immune system.

Persistence within the host by means of evading its immune system is a feature naturally
inherent in multiple pathogens, which is either asymptomatic, as seen in infections caused by
Helicobacter pylori (Monack et al, 2004) and Mycobacterium tuberculosis (Gomez and
McKinney, 2004), or symptomatic, as observed in infections caused by Escherichia coli
(Blango and Mulvey, 2010) and Staphylococcus aureus (McNamara and Proctor, 2000).
Bacterial infections can also become persistent owing to underlying conditions, an example
being the chronic infection of Pseudomonas aeruginosa in individuals with cystic fibrosis

(Gibson et al, 2003).
1.5 Persistence — A clinical perspective

On the face of it, the discovery of persister cells does seem to provide an explanation to the
occurrence of chronic or recurring bacterial infections. Persister cells tide over lethal antibiotic
treatments and resuscitate to yield a normally growing population, a feature that makes
elimination of certain bacterial infections challenging and contributes to their chronicity.
There, however, has been no means to evaluate whether the bacteria causing persistent
infections actually form persisters, and their prevalence in the host could simply be a
consequence of one or more of the factors described in the previous section. In recent years,
there has been a growing body of work that has uncovered a link between persister cells and
persistent infections. Mutations in the gene hipA, including the hip47 mutation reported by
Moyed and Bertrand, were found to be selected for in urinary-tract infections caused by E. coli
(Schumacher et al, 2015). Patients with cystic fibrosis suffering from lung infections caused

by P. aeruginosa were found to contain a high number persister cells with mutations in Aip,
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that rendered the infection recalcitrant to the antibiotic regimens administered (Mulcahy et al,

2010).

Further evidence was acquired by the use of mice as infection models. Ciprofloxacin was able
to clear most of the bacterial infection within hours of its administration in mice infected with
Salmonella enterica var. Typhimurium, though a significant number survived within dendritic
cells (Kaiser et al, 2014). Studies have also found the number of persister cells to increase many
fold upon internalization within host cells in comparison to that found upon culture in

laboratory medium (Helaine et al, 2014; Kaiser et al, 2014).

New evidence is being unearthed pointing to persistence not being limited to bacteria alone.
Persister cells have been observed in fungal pathogens like Candida (Rosenberg et al, 2018)
as well as in viruses like herpes viruses (Speck and Ganem, 2010) and HIV (Sengupta and

Siliciano, 2018).

These implications on antimicrobial therapy, healthcare and consequently on human disease
make it vital to acquire an in-depth understanding of the phenomenon of persister-cell
formation. The present study was undertaken to gain insights into the mechanism of persister

cell formation in Klebsiella spp., and was carried out through the following objectives:

a) Detection and characterization of persister cell formation in K. pneumoniae

b) Elucidation of the genome and transcriptome of persister cells formed by K.

pneumoniae

c) Investigation of the role of various genes involved in persister-cell formation in K.

pneumoniae
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2.1. Diversity of organisms exhibiting persister cell formation

Among the ever-increasing body of work to elucidate the various aspects of persistence are
numerous studies that have reported the occurrence of persister cells in a wide variety of
organisms. Examples of a few have been collated in table 2.1, and include bacteria (Gram-
positive as well as Gram-negative), mycobacteria, archaea, mycoplasma, fungi as well as
viruses. Among the findings reported so far, the most striking are persister cell-formation
by Xanthomonas citri subsp. citri — a phytopathogenic bacterium — in response to various
chemical cues (Martins et al, 2021), and the discovery of persistence in cancer cells as a
waypoint towards the emergence of drug-resistant cancers (Swayden et al, 2020).
Haloferax volcanii, a haloarcheon formed persisters on encountering starvation or agents
which induce oxidative stress or disrupt the membrane through a mechanism involving
quorum-sensing (Megaw and Gilmore, 2017). Mycoplasma mycoides JCVI-Syn3B, a
minimal cell with 1/10" of the total genes and the genome size of E. coli, exhibited
persistence on exposure of exponential as well as stationary-phase cultures to the
bactericidal antibiotics ciprofloxacin and streptomycin. This phenomenon is significant
owing to the absence of TA systems and ribosome hibernating genes, which have been
demonstrated as key components for persistence (Hossain et al, 2021). Biofilms formed by
Candida spp. have demonstrated recalcitrance to antibiotic therapy, which has been
attributed to the formation of persister cells with a high degree of metabolic dormancy (Li

et al, 2015).

2.2 Identification of persister cells

2.2.1 Cultural methods of identifying persisters
The hallmark of a bacterial population containing persister cells is biphasic time-dependent
killing. In other words, exposure of the population to a lethal concentration of an antibiotic

results in a rapid decrease a large fraction of the population, followed by much slower
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reduction of a small fraction of the population. This manner of time-dependent killing of a
bacterial culture exhibiting persistence was first demonstrated in 1983 by Moyed and
Bertrand (1983). They treated two different strains of E. coli K12 viz. HM21 and HM22 —
the latter carrying the mutation hipA47 — with ampicillin, fosfomycin and cycloserine, as
well as starved the cultures of diaminopimelic acid (DAP) and observed the cell numbers
in all these conditions as a function of time. While HM21 was gradually killed over the
duration of the experiment, HM22 cultures exhibited a reduction in the cell numbers by 2
orders of magnitude within 60 minutes of exposure to the stresses. Thereafter, the cell
numbers of HM22 did not decline, remaining constant for 4 hours after exposure to the

respective stresses.

A similar phenomenon was observed by Keren et al (2004), where the same strains, i.e.,
HM21 and -22, were treated with lethal concentrations of ampicillin and ofloxacin and the
cell numbers monitored over a period of time. While the results obtained with both the
strains for ampicillin were similar to those observed by Moyed and Bertrand, treatment
with ofloxacin resulted in biphasic killing for both the E. coli strains, with the number of

survivors in HM22 greater than that in HM21.

This distinct nature of cell death in bacterial populations exhibiting persistence has been
attributed to the heterogeneity of the population brought about by the presence of persister
cells. The initial rapid killing corresponds to the death of the greater part of the population,
which is sensitive to the antibiotic used. After a short period of time, the susceptible cells
having been killed off, the bacterial population now consists of cells whose number is either

constant or decreases very slowly over a prolonged period of time (Balaban et al., 2004).
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Table 2.1 Organisms reported to form persister cells, grouped according to

taxonomic categories.

Category

Organism

Reference

Gram-positive bacteria

Gram-negative bacteria

Bacillus subtilis
Enterococcus faecium
Listeria monocytogenes
Staphylococcus aureus
Staphylococcus epidermidis
Streptococcus mutans
Acinetobacter baumannii
Escherichia coli

Klebsiella pneumoniae
Pseudomonas aeruginosa

Enterobacter aerogenes

Salmonella  enterica

Typhimurium

Vibrio cholerae

Xanthomonas citri subsp. citri

var.

(Hahn et al, 2015)

(Michiels et al, 2016)
(Knudsen et al, 2013)
(Lechner et al, 2012)

(Shapiro et al, 2011)

(Leung and Lévesque,
2012)

(Michiels et al, 2016)

(Blango and Mulvey,
2010)

(Ren et al, 2015)
(Mulcahy et al, 2010)
(Michiels et al, 2016)
(Helaine et al, 2014)
(Jubair et al, 2012)

(Martins et al, 2021)

Mycobacterium tuberculosis

(Mouton et al, 2016)

Mycobacteria Mycobacterium smegmatis (Wakamoto et al, 2013)
Mycobacterium bovis (Mukherjee et al, 2016)
Archaea Haloferax volcanii gzlle 7g)aw and Gilmore,
Mycoplasma Mycoplasma mycoides (Hossain et al, 2021)
Candida albicans (Lafleur et al, 2010)
Fungi Candida glabrata (Lietal, 2015)
Saccharomyces cerevisiae (Bojsen et al, 2016)
Herpesvirus (Speck and Ganem, 2010)
Viruses HIV-1 (Sengupta and Siliciano,

2018)
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Another measure to identify persister cells is the minimum duration for killing or MDK. A
detailed explanation of the methodology has been provided in section 1.3 of this document.
Briefly, the minimum duration required to kill 99% (MDXKg9) and 99.99% (MDKoo.99) are
used to distinguish bacterial persistence from bacterial tolerance. The latter, being a
characteristic exhibited by the entire population, features both MDKoy and MDKo9.99
greater than that of its susceptible counterpart. Persister cells, on the other hand, have a
MDKy9 identical to but a MDKo 99 greater than that of the susceptible cells. This is in direct
correlation with persisters cells accounting for a small fraction of the bacterial population,
thereby resulting in the death of 99% of the population that is susceptible to the antibiotic.
The remaining fraction can withstand the antibiotic pressure, is killed much more slowly
and therefore takes a much longer time to be reduced to 99.99% of the original population
size. When represented in a cell fraction vs time of antibiotic exposure graph, persister cells
show the classic biphasic reduction (Figure 1.2 E) while tolerant populations show

continuous but slow reduction (Figure 1.2 D) in cell numbers.

Further explanation of the nature of this bimodal killing was offered by Balaban et al (2019)
by examining the relationship between the survival of bacteria (S), the concentration of the
antibiotic used (c¢) and the duration for which the antibiotic is administered (t). The
relationship between these variables was described using the killing rate (y), which itself

is a function of three different parameters:

1. The minimum inhibitory concentration or MIC, which is the minimum amount of
an antibiotic required to inhibit growth of a bacterium,

2. The minimum duration required to kill 99% of the population or MDK,,, and

3. The Hill coefficient (k) for the steepness of the concentration dependence.
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These parameters typify the physicochemical mechanisms that influence the bacterial
response to antibiotic-exposure and determine the killing rate. The relationship between the

parameters was represented by the equations

S(c,t) = e¥t
C k
In0.01 1- (W)
= X
Y= Wbk, m00L (o )k
Vmax X MDRoy ~ \MIC

A culture exhibiting antibiotic persistence indicates the presence of a subpopulation, within
the culture, that possesses a MDKyg greater than the that of the rest of the population.
Considering the fraction of persisters formed as a, the survival of the culture can be
depicted as the cumulative survival of the two subpopulations with killing rates varying

from each other, given as
S(ct) = (1—a)e?t 4+ ae?'t

where the killing rates of the susceptible population and persister population are y and y*

respectively.

2.2.2 Novel methods to study persistence

Advances in the field of technology have opened up the field of research to more elaborate
analyses than were conceivable previously. Such advances have helped further the
understanding of bacterial persistence by enabling detailed studies of bacterial populations

as well as individual bacterial cells.

2.2.2.1 Fluorescence
Fluorescent compounds have allowed a wvast variety of breakthroughs in the
understanding of persister cells in bacteria. Shah and colleagues (2006) utilized unstable

variants of the green fluorescent protein (GFP) to isolate persister cells from their normal
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counterparts in an unstressed population. The gene coding for the said GFP was fused to
the promotor rrnbP1, which drives expression of the 16S rRNA gene rrnB, and the
construct introduced into the genome of the E. coli K12 strain MG1665. The population,
when grown to the exponential state and sorted using a cell sorter, revealed the presence
of two types of cells — brightly-fluorescent cells that accounted for a majority of the
population, and dimly-fluorescent cells that made up a small fraction of the original
population. The rationale for using the particular variant of the fluorescent protein was
that cells with a stalled or low rate of metabolism will not be able to produce GFP in
sufficient amounts to offset its degradation and will therefore stain dimly. In comparison,
cells undergoing metabolism at normal rates will be able to maintain a much higher
concentration of the GFP due to sustained production and will consequently stain brighter
than their non-metabolizing counterparts. Both fractions of cells were treated with a lethal
concentration of the fluoroquinolone ofloxacin, which killed the bright cells but against

which the dim cells survived 20-fold better.

2.2.2.2 Live-cell microscopy

Fluorescent proteins coupled with time-lapse microscopy has proven to be a powerful
technique in permitting a refined assessment of the phenomenon of persistence. One of
the earlier studies on persister-cell formation in bacteria, carried out by Balaban et al
(2004), utilized the technique to effectively dissect the persister state observed in different
strains of E. coli. A microfluidic device was fabricated to possess a substratum patterned
with grooves of dimensions that allowed bacterial cells to orient longitudinally within
them. E. coli strains transformed to express a yellow florescent protein (YFP) were
immobilized within the device, allowed to grow in the presence of liquid medium and
treated with lethal concentrations of various antibiotics. The hipA7 strain produced linear

microcolonies and upon exposure to ampicillin experienced cell death and lysis. Within
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this population was discovered a subpopulation of non-growing cells that were generated
during the stationary phase of cell growth. These cells were weakly fluorescent and, upon
removal of the antibiotic, were observed to divide like normal cells after a distinct lag

phase. These cells were called Type-I persisters.

Another E. coli strain called 4ipQ, possessing a mutation in a region different to that of
hipA7 and forming persister cells in the presence of ampicillin, was also used in the same
study. The mutation was recently identified to map to ydcl, a transcriptional regulator
belonging to the LysR family (Hingley-Wilson et al, 2020). The AipQ culture contained
a sub-population of slow-growing cells that existed prior to exposure to ampicillin but
unlike the hipA7 persisters, continued to grow and divide much slower than the normal
cells. The cells continued to grow in the presence of the antibiotic at the same slow rate
but switched to normal rates of growth and division upon removal of the antibiotic from
the system. These were referred to as Type-II persisters, and it was theorized that a wild-

type population consists of both types of persisters in addition to normal cells.

Fluorescent proteins have also played a key role in demonstrating that persister cells
formed by M. tuberculosis are in a state of dynamic equilibrium where the rate of cell
division is balanced by the rate of death. Wakamoto and colleagues (2013) utilized a
system where katG, the gene coding for the enzyme catalase-peroxidase KatG, was
replaced in M. tuberculosis with a katG::dsRed? fusion, the latter coding for a red-
fluorescent protein DsRed. The resultant cells were immobilized in a microfluidic system,
exposed to the antimycobacterial compound isoniazid and individual cells observed
through time-lapse microscopy. As KatG activates the prodrug isoniazid and renders it
toxic to the cell, the fusion protein permitted an assessment of the variation in the levels
of KatG in cells exposed to isoniazid. They observed, through time-lapse microscopy, the

presence of two different cell-types based on the DsRed fluorescence and by extension
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KatG expression. Cells who exhibited frequent pulses of KatG had a low survival and
were killed by the drug, while those who exhibited KatG pulses at a low frequency were
survived for a much longer duration through isoniazid treatment. This was explained as
a consequence of insufficient KatG being present to activate sufficient isoniazid and
cause lethality due to infrequent pulsing. The observations demonstrate that rather than
being a consequence of stoppage of cellular metabolism, persistence in M. tuberculosis

was a dynamic phenomenon rooted in stochastic gene expression.

Wakamoto et al (2013) also utilized M. tuberculosis cells expressing GFP and observed
individual cells through time-lapse microscopy. While the cells divided and formed
microcolonies in growth medium, addition of isoniazid slowed their rates of division and
growth until eventually the cells began to be lysed. However, a few cells remained intact
throughout the treatment, visualized by their dim fluorescence, and once the antibiotic
was removed began to rapidly grow and divide to form a microcolony. On a second
exposure to isoniazid, the cells in the microcolony underwent replicative cessation and
death in a manner similar to those from the first treatment, with a few surviving cells
remaining. These observations constituted evidence of the non-genetic basis of
persistence since the cells derived from the survivors of the first treatment with the

antimycobacterial drug did not have any additional fitness against a second exposure.

2.2.3 Whole transcriptome analysis

The advent of Next-Generation Sequencing (NGS) technology made the sequencing,
assembly, and annotation of entire genomes extremely convenient, something that was
not possible with the pre-existing Sanger Sequencing technology. NGS orchestrates the
enzymatic incorporation of nucleotides in tandem with the acquisition of data in a
sequential manner that makes feasible the simultaneous generation of sequence data from

thousands to billions of templates (McCombie et al., 2019). A transcriptome can best be
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defined as the sum total of RNA transcribed and present within in a cell at a specific
physiological state at a given point of time. Studying the transcriptome, also known as
transcriptomics, involves characterising all species of RNA transcripts — mRNA, non-
coding RNA, small RNA — through sequencing (RNA-Seq) as well as quantifying
alterations in the levels of each transcript expressed across various conditions (Wang et
al, 2009). RNA-Seq has considerable advantages for examining transcriptome fine
structure such as the detection of novel transcripts, allele-specific expression and splice
junctions. RNA-Seq does not depend on genome annotation for prior probe selection and
avoids the related biases introduced during hybridization of microarrays (Zhao et al,

2014).

Transcriptomics have been used to monitor the transcriptional changes occurring on a
global level in persister cells. Persister cells have been observed to exhibit heterogeneity
on the basis of the factor inducing persistence as well as the organism being studied,
which potentially indicates a distinct expression profile being obtained for each of the
distinct persister populations. RNA-Seq has been used to decipher the transcription
profile of persisters formed by various bacteria through a multitude of inducing factors.
A. baumannii persisters, formed by treatment with the cephalosporin ceftazidime,
exhibited a diverse expression of genes involved in the metabolism of amino acids,
nucleotides, lipids, vitamins and energy, indicating overall a metabolically-dormant state.
In addition, an increase in the expression of toxin-antitoxin genes was also observed

(Alkasir et al, 2018).

The transcriptomes of S. Typhimurium persisters formed within macrophages as well as
the macrophages themselves were analysed by Stapels et al (2018) using dual RNA-Seq.
While expression patterns were expectantly different between infected and uninfected

macrophages, there were differences between those containing bacteria in growing or
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non-growing states as compared to those that had lysed bacteria. Genes involved in
proinflammatory responses were downregulated while those involved in anti-
inflammatory pathways were highly expressed in cells containing live bacteria. Genes
associated with infection showed an elevated expression in intracellular bacteria, while
both growing and non-growing intracellular bacteria expressed genes coding for the type-
3 secretion system (T3SS) apparatus as well as its translocated effectors. This provided
evidence which showed that intracellular Salmonella persisters are able to delivery
pathogenicity factors without growing, unlike persisters grown in vitro, which are

metabolically dormant.

Torrey and colleagues (2016) isolated M. tuberculosis strains exhibiting a high degree of
persistence from clinical samples as well as M. tuberculosis mutants with a high-
persistence phenotype, and studied their respective transcriptomes. They observed an
upregulation in toxin-antitoxin (TA) systems, the greatest being the higdAB1 locus, as well
as in the cellular protease c/pC2, which has been implicated in activation of toxins from
TA loci and bringing about a state of persistence. Their findings indicated similarities in
the expression profiles of mutants and clinical strains exhibiting the high-persistence

phenotype.

More recently, transcriptome analysis was instrumental in imparting novel insights into
persister formation and the role of adenine-methylation on DNA in E. coli. Strains
containing non-functional DNA adenine methylase (Adam) experienced marked
downregulation of various genes, including the TA system ccdAB, genes coding for the
type Il and type VI secretion systems, as well as the ABC transport system. Also observed
was upregulation of pathways mediating protein translation and flagella-dependant
mobility. Further, repression of pathways involved in DNA repair, and cellular adhesion

were also observed. Interestingly, the Adam strains were also deficient in persister
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formation, thereby offering an insight the influence of DAM on persister cell formation

in E. coli (Xu et al, 2021).

2.3 Mechanisms underlying the formation of persister cells

The first gene to be associated with bacterial persistence was hipA (Moyed and Bertrand,
1983). The discovery of a mutant of E. coli that was able to tolerate ampicillin many orders
of magnitude higher than the wild-type opened the door to the understanding that
persistence has a genetic basis. The same study also revealed that persister-cell formation
in E. coli. was not exclusively due to exposure to 3-lactam antibiotics but due to any manner
of subversion of murein synthesis. This observation pointed towards the possibility that
unlike a gain-of-function required to effectuate antibiotic resistance, bacteria already
possess the mechanisms necessary to induce persistence. Most, if not all, of the studies
describing persistence have identified persisters based on the capability of bacteria to
overcome exposure to antibiotics, which in turn suggest the trait originally manifested to
permit cells to survive in hostile environments. Exposure to environments containing
antibiotics, especially those populated by bacterial communities utilizing antibiotics as
means of interspecies communication could have resulted in emergence of persistence

(Bakkeren et al, 2020).

Since the discovery of hipA, numerous studies dedicated to elucidating the mechanism of
persister cell formation have been carried out. These studies have identified two
mechanisms whereby persister cells are formed, namely, stochastic generation and
responsive generation. As suggested by their names, the latter involves the formation of
persisters by bacteria in response to specific stimuli, while the former applies to the
formation of persister cells without the presence of any instigating factor (Harms et al,
2016). Certain studies have attempted to ascribe persistence to defects and errors in cellular

metabolism that fortuitously result in the formation of persister cells, putting forth the
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"persistence as stuff happens" or PASH hypothesis (Johnson and Levin, 2013; Levin et al,
2014). Since its proposition, however, numerous studies have identified concrete molecular
pathways that lead to the formation of persister cells. Considering the example of
Pseudomonas aeruginosa, periodic treatment with the antibiotic ofloxacin was observed to
gradually increase the frequency of persister cells formed by selecting for increased
persister-formation. In the absence of antibiotic treatment, however, reduced levels of
persistence were observed, indicating that persistence has a fitness cost (Stepanyan et al,
2015). This perceptible shift in persistence would not have been feasible if it resulted from

chance errors.

2.3.1 Stochasticity and the formation of persister cells

Bacterial cells encounter molecular noise with respect to their gene expression, due to either
the biochemistry of the process of expression (intrinsic) or due to fluctuations in other
cellular processes that eventually affect expression (extrinsic) (Elowitz et al, 2002). Studies
have determined, however, that noise in and of itself is insufficient to generate phenotypic
heterogeneity. Amplification of the noise by additional processes, like positive feedback,
are vital to bring about variation, which can precipitate the formation of phenotypically
distinct subpopulations within a genetically identical or isogenic population that are able to
stably coexist (Eldar and Elowitz, 2010). Stochastic persister formation has been described
as the generation of phenotypic heterogeneity in an isogenic population of bacteria. It
serves as an evolutionary strategy adopted by bacteria with the aim of maximizing its
chances of survival and propagation in environments that are diverse and constantly
changing (de Jong et al, 2011). Consequently, bacterial populations contain a basal number
of persister cells even prior to exposure to antibiotics or other stresses. Populations of E.

coli growing in a regular exponential manner were observed to contain subpopulations of
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metabolically dormant cells (Balaban et al, 2004; Shah et al, 2006; Germain et al, 2015;

Maisonneuve et al, 2013; Orman and Brynildsen, 2013).

2.3.2 Persister cell formation as an induced phenomenon
Responsive generation of persister cells involve the formation of persister cells in response
to specific stimuli. Multiple studies have demonstrated the same on exposing bacteria to

sublethal levels of any stress, including antibiotics.

Gram-positive as well as -negative bacteria were induced to form persisters when exposed
to subinhibitory concentrations of ampicillin, gentamicin or ciprofloxacin (Goneau et al,

2014).

In response to starvation, E. coli and P. aeruginosa form persisters through a pathway under
control of a GTPase Obg. The processes result in a reduction of the membrane potential

that affects translation and DNA replication (Verstraeten et al, 2015).

Wu and colleagues (2012) observed the fluoroquinolone antibiotic ofloxacin to induce
formation of persister cells in E. coli. The level of persisters in the treated population was
further increased on exposure to paraquat, an oxidative stress inducer but this augmentation
was not observed in populations treated with other antibiotics viz. ampicillin, and
kanamycin. The increase in persisters was due to efflux of ofloxacin from the cell by the

efflux pump AcrAB-TolC, which in turn was induced by paraquat.

The reality of persister cell formation is far from evident, with an explanation that unifies
spontaneous persister-formation and induction of persistence still ambiguous. An
explication was proposed by Michiels et al (2016) wherein the level of persister proteins
expressed in the population on average are regulated by factors in the environment, and
individual cells in the population that attained a threshold value for any number of such

proteins go on to enter into the state of persistence. It is also possible that several
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independent mechanisms rather than a singular mechanism act in conjunction to effect
persistence but in the absence of any conclusive proof, it is speculation at best. However,
one aspect that is becoming evident about persistence is that it comes under the umbrella
of bacterial stress response. Studies on persistence have observed various factors in the
environment of the bacteria act as stress signals thereby leading to the formation of
persisters, and a majority of the molecular pathways implicated in the generation of

persisters are elements of stress responses inherent within bacteria (Gollan et al, 2019).

2.3.2.1 Stress imposed through nutrition

Since the discovery of persistence being induced in E. coli by entry into the stationary
phase of growth by Keren and colleagues (2004), a multitude of studies have implicated
nutritional stress as a key instigator of persister-cell formation. Brown (2019) identified
E. coli that produced persister cells upon encountering nitrogen starvation. Persistence
was modulated by a two-component signaling system n#BC, which functions to allow
the cell to tide over conditions of nitrogen deficiency by sensing the deficiency and
activating genes that permit scavenging of alternative sources of nitrogen. Brown (2019)
also observed NtrC to activate the expression of RelA, a pyrophosphate synthetase, that
in turn led to the production of the alarmones (p)ppGpp (a collective symbol representing
guanosine tetraphosphate as well as -pentaphosphate). The mechanism by which
(p)ppGpp evokes persister-cell formation in bacteria has been well studied and is
discussed in detail in further sections, and it was through this mechanism that E. coli
generated persister cells in the presence of nitrogen stress. Persistence was observed to
be moderated in a (p)ppGpp-dependant manner in Pseudomonas aeruginosa (Nguyen et

al, 2011) too.

A recent report implicated the intracellular concentration of adenosine triphosphate

(ATP) as the driving factor in persister-cell formation in E. coli (Shan et al, 2017) as well
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as S. aureus (Conlon et al, 2016). A depletion in the concentration of ATP was observed
to restrain cellular metabolism, consequently reducing the activity of components that

serve as targets for various antibiotics and resulting in a state of persistence independent
of (p)ppGpp.

A study conducted on E. coli by Kotte et al (2014) discovered that the organism possesses
the ability to control the rate of conversion of normal cells into persister cells in response
to specific environmental cues. A change in the substrate, necessitating a shift in the
metabolism from glycolysis to gluconeogenesis, resulted in the diversification of the
population into two subsets. One subset was able to metabolise the substrate by adopting
gluconeogenesis and continuing to grow, another subset of cells entered into a non-
growing state. The non-growing cells did not perform gluconeogenesis and resumed
normal growth upon the introduction of a glycolytic substrate, and in their state were

tolerant to exposure to various antibiotics.

Radzikowski and colleagues (2016), while studying persistence in E. coli, observed an
increase in the number of persisters on altering the carbon source in the growth medium
from glucose to fumarate. The nutritional shift was observed to be the major driving factor
in the formation of persisters through a reduction in the rate of cellular metabolism
independent of the stringent response, which served to enhance the persistent state rather

than induce it.

2.3.2.2 Stress imposed through antibiotics

Formation of persisters by bacteria on treatment with sub-lethal concentrations of an
antibiotic has been observed for a large variety of organisms and antibiotics. E. coli, when
treated with ciprofloxacin, was observed to form persister cells de novo. These persisters
varied from those formed on treatment of the same strain with ampicillin and

streptomycin - antibiotics belonging to different classes — since strains that did not form
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persisters to ciprofloxacin yielded the same number of persisters to the other two

antibiotics (Dorr et al, 2009).

Another study carried out by Kwan et al (2013) observed that inhibition of protein
synthesis in E. coli by chemical treatment produced persister cells. E. coli exposed to
rifampin, tetracycline and carbonyl cyanide m-chlorophenylhydrazone (CCCP) — that
inhibit transcription, translation and ATP synthesis respectively — at concentrations
higher than their MIC generated persisters that accounted for 10 to 100% of the total
population. Treatment of S. aureus cultures with sub-MIC concentrations of various
antibiotics viz. ciprofloxacin, gentamicin, oxacillin and vancomycin was seen to result in

the formation of persister cells (Johnson and Levin, 2013).

Of greater consequence is the observation made by Ren and colleagues (2015) regarding
Klebsiella pneumoniae treated with various antibiotics, namely, ciprofloxacin,
kanamycin and ceftriaxone, in a gradually increasing manner. This was performed to
simulate the gradual build-up of the antibiotic concentration in the human body during
antimicrobial therapy, and observations showed the number of persisters formed to
increase along with the increase in concentration. The effect was more pronounced for a

clinical strain used as against the laboratory type-strain.

2.3.2.3 Stress imposed through acidic, osmotic and oxidative factors

Bacteria possess mechanisms to overcome stresses imposed by adverse conditions of
acidity, osmolarity as well as the presence of oxidizing agents. A growing body of work
has found persistence to be associated with the bacterial response to these stresses. Vega
et al (2012) observed persister cell formation in stationary-phase cultures of E. coli
exposed to sub-lethal concentrations of hydrogen peroxide (H»O,). Persistence was
absent on exposure to lethal concentrations of H2O:, hinting towards the protection

afforded by persistence under nonlethal conditions against future stresses. Another study
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conducted by Wang et al (2017) identified persister-cell formation in E. coli treated with
sodium salicylate. Persistence was established as a consequence of the formation of
reactive oxygen species (ROS). A reduction in the membrane potential due to ROS was
seen to effect a contraction of the cellular metabolism and an eventual formation of

persister cells.

A pioneering study on persistence in Streptococcus mutans, carried out by Leung and
Levesque (2012), identified various environmental factors to increase the number
persister-cells formed. Exposure to acidic conditions (pH 5.0), oxidative stress (0.5M
H>0») as well as heat-shock (50°C) increased the number of survivors, after treatment

with 20 pg/mL of ofloxacin, by a factor of 10-100 than unstressed cultures.

Conditions of high osmolarity were also observed to induce persister-cell formation. S.
aureus exposed to 10% (w/v) NaCl formed persister cells 2-5 orders of magnitude higher
than in unstressed cells and allowed survival in concentrations of gentamicin and

ciprofloxacin 100 times higher than the MIC (Kubistova et al., 2017).

2.3.2.4 Signals from the extracellular environment

Metabolites exuded by bacteria into their extracellular environments have a propensity to
induce the formation of persister cells. Vega and colleagues (2012) identified indole to
trigger persister-cell formation in E. coli. Indole is produced during the stationary phase
of growth in bacteria and is known to participate in bacterial responses against oxidative
and membrane stress. It is also known to augment resistance to antibiotics by increasing
efflux of the drugs. The presence of indole was key in modulating the frequency of

persisters produced by E. coli during conditions of nutritional stress.

Another study observed indole-mediated persister-cell formation in Salmonella enterica

var. Typhimurium in a manner similar to that observed in E. coli. An extraneous supply
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of indole to a culture of S. Typhimurium was equally capable of inducing persistence as
was indole produced by E. coli in a mixed community of both the microorganisms. The
latter situation was observed to afford persistence to S. Typhimurium when used to
simulate gastrointestinal infection in Caenorhabditis elegans. The findings are significant
considering the inability of S. Typhimurium to produce indole by itself, and suggest that
indole produced by commensal bacteria can augment the survival of S. Typhimurium

infecting the intestine of a host through persistence (Vega et al, 2013).

A similar phenomenon was reported by Que and colleagues (2013) where 2’-amino
acetophenone produced by P. aeruginosa was observed to promote persister-cell
formation in a quorum-sensing manner in the same as well as in populations of

Acinetobacter baumannii as well as Burkholderia thailandensis.

Pseudomonas aeruginosa produce much fewer persisters than E. coli or S. aureus, as
observed on comparing the number of survivors after treating logarithmic- and stationary-
phase cultures with various antibiotics. The number was observed to increase by 90-fold
on exposure to either pyocyanin or the acyl-homoserine lactone 3-OC12-HSL prior to
antibiotic treatment. The findings acquire significance due to the detection of both
compounds in the sputa of cystic fibrosis patients (Mdker et al, 2010), where cases of
opportunistic pneumonia were reported to be caused by P. aeruginosa producing persister

cells (Mulcahy et al, 2010).

2.3.2.5 Stress encountered within a host-system

A majority of the studies carried out to elucidate persister-cell formation in bacteria are
in vitro procedures performed with bacteria grown in flasks and experiencing a single
stressor. In reality, during the course of an infection for instance, bacteria are exposed to
a collection of stressors described previously, each at a timing, duration and intensity

discrete from one another. This implies that persisters present in an infected host may
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very well be different from those formed in flasks using a single stress factor.
Internalization within host cells has been observed to be a strong inducer of persistence.
The number of persisters formed by S. Typhimurium increased 1000-fold on being
internalized by bone-marrow-derived macrophages and dendritic cells. The environment
within the vacuole, being acidic and nutritionally poor, was seen to induce the formation
of persister cells (Helaine et al, 2014). A similar phenomenon was observed in M.
tuberculosis, with uptake by macrophages dramatically increasing the number of persister

cells formed (Mouton et al, 2016).

2.3.3 Toxin-antitoxin systems

Toxin-antitoxin (TA) systems constitute the bacterial framework that regulates cell growth
and death in response to stress by effecting a transient arrest in the growth of bacteria
(Yamaguchi et al, 2011). TA systems, also known as modules or loci, are essentially
bipartite genetic elements consisting of a ‘toxin’ and an ‘antitoxin’. The toxin, usually a
protein, hinders metabolic processes essential to bacterial growth whereas the antitoxin
impairs the functioning of the toxin until a signalling event supersedes the antitoxin’s

inhibition (Gerdes and Maisonneuve, 2012).

An antitoxin forms a tight complex with its cognate toxin, thereby regulating its
activity. Additionally, most antitoxins possess a DNA-binding motif through which they
autoregulate transcription of the TA module. Cellular proteases degrade the antitoxin, and
this interplay controls the activity of the toxin as well as the rate of expression of the TA
module. Consequently, antitoxins are synthesized at a higher level than their cognate

toxins; a necessity to keep the toxins inactive.

Owing to its binding to the antitoxin, the toxin is considered as a corepressor of TA system.
In addition, reports have identified the toxin to function as a derepressor of the transcription

of its cognate TA module. This ability of the toxin to inhibit as well as initiate expression
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of the TA system was attributed to conditional cooperativity, and the change in its activity
was indicated as a function of the ratio of the concentrations of the antitoxin and the toxin

(Overgaard et al, 2008; Winther and Gerdes, 2012).

Initial studies on TA modules represented them as “addiction modules” located on plasmid
DNA in bacteria wherein the antitoxin was an unstable entity that required continued
production. Loss of a plasmid containing a TA module during cell division brought down
the concentration of the antitoxin in the progeny. This precipitated in toxin-induced death
in or proliferative suppression of the progeny cells, and served as a means of facilitating
plasmid maintenance after cell division termed post-segregational killing (Gerdes et al,

1986).

2.3.3.1 TA systems — a classification

TA systems can be differentiated on the basis of the mechanism by which the antitoxin
neutralizes its cognate toxin. To date, seven different categories of TA systems have been
described with an eighth being added recently, all of which have been presented in table
2.2. Under the nomenclature scheme followed for TA systems, the name of the system is
written first as a three-letter identifier. This is followed by the suffix denoting the
antitoxin first, and then by the suffix denoting to toxin. Accordingly, the TA system
consisting of HipA and HipB as toxin and antitoxin respectively is denoted as the HipBA
TA system. Exceptions to this rule are when both components have different names.
There, the name of TA system contains the toxin name followed by the antitoxin name,
with a hyphen separating the two. An example is the hok-sok TA system consisting of the

Hok toxin and the Sok antitoxin.

The most widely studied of the TA systems are those belonging to the type II. The genes
in Type II TA loci are structured in an operon, with both toxin and antitoxin genes co-

transcribed by a common promoter situated upstream of the pair (Leplae et al, 2011). The
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toxin is bound by its cognate antitoxin under unstressed conditions of growth, thereby
negating the activity of the toxin (Chan et al, 2016). Studies have identified the antitoxin
to susceptible to proteolytic cleavage due to existing in a partially unfolded state (Cherny
and Gazit, 2004), which would result the relatively-stable toxin being free to act on its
cellular target and affect cellular metabolism. Successful maintenance of the toxins in an
inactive state would therefore require the antitoxin to be constantly replenished. This
would explain the arrangement of the genes within the operon, with the antitoxin gene
located upstream of the toxin gene, so that the antitoxin is synthesized before the toxin is
transcribed and translated (Chan et al, 2016).

Table 2.2 Classification of toxin-antitoxin (TA) systems found in bacteria. The

classification is based on the chemical nature of the antitoxin. Cys — Cysteine, SRNA —

small RNA.

Chemical nature of Mode of action of

Type o . antitoxin Example Reference
Antitoxin ~ Toxin
Antisense Binds to and inhibits (Pedersen
I RNA Protein  translation of toxin Hok-Sok and Gerdes,
mRNA 1999)
. . . . . (Hansen et
I Protein Protein  Binds to toxin HipBA al, 2012)
. . . (Fineran et
IHI RNA Protein  Binds to toxin ToxIN al, 2009)
Reduces effect of
. . toxin by performing (Tan et al,
IV Protein Protein activity antagonistic to YeeUV 2011)
it
. . RNase; degrades toxin (Wang et al,
V  Protein Protein MRNA GhoST 2012)
Stimulates
VI  Protein Protein  degradation of the SocAB (2132111??;6 ctal,
toxin
. . Inhibits activity by (Marimon et
VII  Protein Protein oxidizing Cys residue Hha-TomB al, 2016)
VIII sRNA  sRNA  Binds to toxin SdsR-RyeA (2C0111<§; ctal,
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The mechanism whereby the genes within the TA system exert their respective activities

is explained in a schematic diagram (Figure 3.1) adapted from Page and Peti (2016).
Antotixins ameliorate the activity of their cognate toxins by directly interacting with the
toxin and obstructing its active site (Blower et al., 2011; Boggild et al., 2012; Schureck
et al., 2014). Antitoxins also possess the ability to bind to the operator of their operon,
albeit weakly. This binding is strengthened when the antitoxin is bound to its cognate
toxin, with the toxin serving as a co-repressor of its own expression (Bertram and

Schuster, 2014; Hayes and Kedzierska, 2014).

Under conditions of normal cellular metabolism, the antitoxin is present in higher
amounts than its cognate toxin, whose expression in impeded according to the process
described previously. Conditions of stress have been associated with the activation of the

cellular proteases Lon and Clp, which degrade the antitoxin and reinitiate expression of
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the toxin gene from the TA locus. This process shifts the equilibrium towards a
comparative abundance of the toxin, the free toxin then becoming available to act on its

designated targets and effect a change in cellular metabolism (Hansen et al, 2012).

2.3.3.2 The role of TA systems in bacterial persistence

TA systems generally function as modules that are activated under and respond to
conditions of stress experienced by the bacterial cell (Ronneau and Helaine, 2019). The
discovery made by Moyed and Bertrand that implicated the toxin HipA — part of the type
II TA module hipBA — in the formation of persister cells in E. coli focussed the
investigation of the mechanistic aspect of bacterial persistence on TA systems. Their role
in the formation of persister cells has been succinctly explained by Harms et al (2016),
who note that TA systems are normally activated in an incremental fashion, which allows
the cells to modulate their physiology and withstand the effects of stress without arresting
bacterial growth. However, when the concentration of free toxin in the bacteria crosses a
pre-defined threshold, the cell enters into a state of metabolic dormancy and growth
inhibition. The growth inhibition manifested due to the expression of toxins from various
type I and II TA systems have been associated with an increase in the ability of the
bacteria to withstand the lethal effects of antibiotics, and have indicated a significant role

of TA systems in persistence.

Persister cells exhibit a heightened expression of the TA modules, a phenomenon that has
been observed in multiple bacteria. Shah et al (2006) observed an overexpression of genes
belonging to TA systems in E. coli persisters. Both toxin and antitoxin genes belonging
to the yafQ-dinJ and yoeB-yefM TA modules were overexpressed in persister cells
compared to exponentially dividing cells. A total of 10 different TA systems were
observed by Keren and colleagues (2011) to be upregulated in M. tuberculosis persisters

formed on exposure to the drug D-cycloserine. The association between gain-of-function
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mutations in TA genes and bacteria producing a higher proportion of persisters has been
ratified in several studies caried out on the 4ipBA locus in E. coli (Moyed and Bertrand,
1983; Schumacher et al, 2015) as well as M. tuberculosis (Torrey et al, 2016), and the

shpBA locus in S. Typhimurium (Slattery et al, 2013).

Interestingly, loss-of-function mutants for TA systems do not concomitantly reduce the
frequency of persister-cell formation. Deletion of the mazEF and relBE TA modules in
S. mutans did not reduce the number of persisters formed (Leung and Lévesque, 2012).
Deletion of individual TA systems did not reduce the survival of E. coli persisters when
exposed to gentamicin (Shan et al, 2015). The occurrence of this phenomenon is not
uniform though, since cases of persistence being negatively affected by perturbations in
TA systems have been reported. Deletion of YafQ, the toxin component of the yafQ-dinJ
TA system, precipitated a 2400-fold reduction in the number of persisters formed by E.
coli biofilms, and reduced its survival against various classes of antibiotics (Harrison et
al, 2009). Single-mutants of E. coli deleted for mgsR and relE, belonging to mgsAR- and
relBE TA systems respectively, observed a significant reduction in the persister-cells
formed, increasing their susceptibility to trimethoprim, ampicillin and norfloxacin (Wu

et al, 2015).

The elucidation of the mechanistic aspects of persister formation in bacteria have been
mostly from studies conducted using E. coli (Norton and Mulvey, 2012; Harms et al,
2016). The hipBA TA system functions as a master regulator of persister-cell formation
induced by starvation. Its role in mediating persistence through the stringent response is
explained in further sections, but its importance to the phenomenon has been underscored
by augmented persister cell-formation observed in mutants where antitoxin-driven
inhibition of the toxin is diminished (Schumacher et al, 2015). The tisB-istR system is

another example of a type II TA module that causes persister cell formation in E. coli.
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The gene tisB encodes as small hydrophobic protein that binds to the cell membrane and,
functioning as an ion channel, disrupts the proton gradient (Unoson and Wagner, 2008).
This disruption reduced the ATP production of the cell that concomitantly resulted in
metabolic cessation and induced the formation of persister cells (Shan et al, 2017). The
role of the yafQ-dinJ TA system in persistence in E. coli is entwined with cellular
signalling mediated by indole. Hu and colleagues (2015) discovered that activation of the
toxin YafQ, functioning as an endoribonuclease that recognizes RNA containing 5'-
AAA-G/A-3' sites and cleaving the transcripts, was responsible for degradation of mRNA
transcribed from tnaAd. The gene codes for the tryptophanase TnaA that produces indole
from the breakdown of tryptophan. A depreciation in the amount of TnaA resulted in a
reduction in the levels of indole and consequently an increase in persister cells formed.
The significance of the result is in its contradiction to findings that have associated indole

with an augmentation of persistence through a quorum-sensing route (Vega et al, 2012).

Reports have described the formation of persister cells by S. Typhimurium internalized
by cellular macrophages where a total of 14 type II TA systems were expressed at levels
ranging from 4- to 30-fold greater than uninternalized cells (Helaine et al, 2014). Among
the TA systems upregulated were the relBE, shpAB, parDE, vapBC and phd-doc TA
systems, as well as toxins belonging to unrecognized families. One of them was identified
as a GenS N-acetyltransferase (GNAT), a superfamily comprised of enzymes catalyzing
the transfer of the acetyl group from acetyl-coenzyme A (Ac-CoA). TacT, the toxin
component of a type II TA system tacAT, was identified as a GNAT: TacT acetylated
aminoacyl tRNAs, stalling the process of translation and inducing entry into persistence

(Cheverton et al, 2016).
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2.3.4 Pathways involved in bacterial persistence

Persister-cell formation may either be stochastic or be triggered by signals from the
environment, but in both cases proceeds through the same contingent of signalling
pathways (Harms et al, 2016). These pathways are traditionally identified with the response
to various stresses, and their implication in persistence serves to further the understanding
of persistence as a cellular response to stress (Figure 2.2, adapted from Gollan et al (2019)).
A pioneering study carried out by Wu and colleagues illustrated the diversity of persister-
forming mechanisms that exist within a single cell (Wu et al, 2015). A total of 21 genes
that have been previously implicated in persistence were mutated and their impact on the
survival of E. coli to varied antibiotic stresses examined. The genes playing a major role in
persistence were components of pathways involved in the oxidative-stress, SOS and
stringent responses, in energy production, as well as in regulating global metabolic
networks. The study pointed towards the dynamic nature of bacterial persistence,

influenced by different genes at different times and with varying degrees of significance.

2.3.3.1 (p)ppGpp signalling and the stringent response

The stringent response is a global system of regulation utilized by bacteria to calibrate
cellular metabolism in response to conditions of nutrient limitation (Chatnaparat et al,
2015). Key to the response are guanosine tetraphosphate (ppGpp) and guanosine
pentaphosphate (pppGpp) — collectively referred to as (p)ppGpp. They are generated in
response to conditions of nutrient limitation as well other stresses, and function as the
alarmone or a second messenger (Mechold et al, 2013). The (p)ppGpp network influences
metabolic processes such as replication, transcription, and translation (Carneiro et al,

2011).

Many organisms have been reported to form persisters through pathways following the

stringent response, but it has been best studied in E. coli. The cellular homeostasis of
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(p)ppGpp in E. coli is maintained by a pair of enzymes, namely, RelA and SpoT. RelA
functions solely as a (p)ppGpp synthetase, synthesizing (p)ppGpp using adenosine
triphosphate (ATP) and either guanosine diphosphate (GDP) or -triphosphate (GTP).

SpoT, on the other hand, is a bifunctional enzyme possessing both synthetase as well as

40



hydrolase activities (Hauryliuk et al, 2015). Apart from the synthesis of (p)ppGpp, SpoT
also possesses the ability to break it down to pyrophosphate and GDP/GTP. RelA is
activated by conditions of heat shock and amino-acid starvation whereas SpoT is
activated by starvation of carbon, fatty acids, iron, nitrogen and phosphate. The metabolic
framework utilising (p)ppGpp has also been studied in other bacteria, who possess
homologs to the above-mentioned enzymes that are called RelA-SpoT homologs or RSH
enzymes. Enzymes that do not belong to the RSH family have also been observed to
participate in the turnover of (p)ppGpp. Nudix hydrolases, enzymes widely distributed
among bacteria with the ability to breakdown various nucleoside 5'-diphosphate (NDP)
compounds, can also hydrolyse (p)ppGpp, while the pppGpp phosphohydrolase GppA
and other like the elongation factor G (EF-G) are reported to rapidly convert pppGpp to

ppGpp (Hauryliuk et al, 2015).

The current understanding regarding the action of the stringent response that produces
persistence in E. coli was proposed by Maisonneuve and colleagues; the same is
represented here (Figure 2.3) in the form of a schematic adapted from the same article
(Maisonneuve et al, 2013). Accordingly, specific signals activate RelA and/or SpoT,
which increase the pool of available (p)ppGpp in the bacterial cell. The accumulation of
(p)ppGpp, in turn, shifts the flux of polyphosphates in the cell by inhibiting the activity
of the enzyme exopolyphosphatase (PPX). As a result, the concentration of
polyphosphates within the cell gradually increases through the action of the
polyphosphate kinase (PPK). The polyphosphates associate with the cellular protease Lon
and direct the degradation of antitoxins from toxin-antitoxin complexes formed by type

II TA systems.

The now-free toxins exert their influence of cellular metabolism, culminating in the

formation of persister cells. Among the toxins activated is HipA, which acts on the
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enzyme glutamyl-tRNA synthetase by phosphorylating it and preventing the charging of
glutamyl-tRNA with its cognate amino acid, i.e., glutamine. The concomitant accretion

of uncharged glutamyl-tRNA actuates the synthesis of (p)ppGpp in a RelA-dependant
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manner, thereby completing a positive-feedback loop and augmenting the phenomenon

of persistence (Maisonneuve et al, 2013). (p)ppGpp influences bacterial metabolism in
multiple ways to bring about the state of persistence. The binding of (p)ppGpp to the

RNA polymerase in E. coli was observed to alter transcription of various genes,
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accounting for roughly 15% of the genome (Sanchez-Vazquez et al, 2019). (p)ppGpp has
also been noted to minimise the synthesis of all forms of RNA during conditions of
cytosolic-magnesium deficiency even when the cell is abundant in amino acids and ATP
(Pontes et al, 2016). This was demonstrated to reduce the number of ribosomes available
and consequently attenuate the rates of both protein synthesis and metabolism, resulting

in the induction of persistence (Pontes and Groisman, 2020).

2.3.3.2 RpoS and the general stress response

Bacteria encounter a variety of stresses during the course of their growth in natural
environments. Certain stressful conditions require the bacteria to divert a significant
portion of the available resources towards surviving through it, which is largely mediated
by the transcriptional factor 6°. Coded for by the gene rpoS, 6" is a subunit of the bacterial
RNA polymerase, and is involved in the regulatory control of several pathways. The
transcription factor has been implicated in the expression of 500 or more different genes,
either directly or through indirect means. The genes affected by ¢° are involved in
repurposing cellular metabolism, in altering the shape of the cell and the composition of
the cell-envelope, forming biofilms, in pathogenesis, and in the increase of mutagenesis
induced by the stress (Hengge, 2010). Observations made in E. coli have implicated
biofilm formation, extremes of pH and temperature, oxidative stress, scarcity of nutrients,

and signalling by (p)ppGpp in instigating the general stress response.

The corelation between the general stress response and persistence is not straightforward.
Nullifying the general stress response by simultaneously deleting rpoS, gadB, gadX,
osmY and mdtF (downstream targets of %) resulted in a large proportion of the population
exhibiting persistence. The same study also showed that the toxin MqsR — part of the
mgsAR TA module —reduced the RpoS-based stress-response that in turn increased

persistence (Hong et al, 2012). Wu et al (2015) observed that in the absence of rpoS, E.
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coli persisters survived exposure to ampicillin and norfloxacin better than the wild-type
but were killed off in gentamycin. Another study carried out by Murakami et al (2005)
observed that rpoS was involved the formation of persisters in stationary- as well as
logarithmic-phase cultures of P. aeruginosa in response to heat stress, and afforded
protection against various antibiotics. Under conditions of osmotic stress however,

persister cells were formed in a 7poS-independent manner.

2.3.3.3 The SOS response

Bacterial cells tend to accumulate DNA damage by encountering extremes of pH,
experiencing oxidative stress or being exposed to antibiotics. Furthermore, interruptions
in DNA replication as well as stochastic malfunctions in the cellular metabolism result in
DNA damage. Mechanisms of DNA repair generate regions of single-stranded DNA
while processing the damage, which induces the SOS response. Autoproteolysis of the
repressor LexA — catalysed by RecA — activates the DNA-repair genes present in the SOS
regulon, some of which include dinG, recBCD, ruvABC, sulA, and uvrABCD (Baharoglu

and Mazel, 2014).

Evidence for the involvement of the SOS response in bacterial persistence was obtained
from observations of upregulation of SOS genes in bacterial cultures containing a high
number of persisters (Keren et al, 2004; Orman & Brynildsen, 2013b), and a reduction of
the number of persisters upon impairment of DNA repair (de Groote et al, 2009; Dérr et
al, 2009; Hansen et al, 2008; Theodore et al, 2013; Volzing & Brynildsen, 2015) or
repression of the SOS response (Debbia et al, 2001; Dorr et al, 2009; Fung et al, 2010;
Goneau et al, 2014; Vo6lzing & Brynildsen, 2015). Conversely, persistence was increased

when the SOS genes were constitutively expressed (Dorr et al, 2009).

Antibiotics that cause DNA-damage, such as fluoroquinolones, and activate the SOS

response were observed to act as inducing agents of persistence. Treatment of E. coli with
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sub-inhibitory concentrations of ciprofloxacin was seen to increase persisters formed
against the antibiotic (Dorr et al, 2009), due to the cessation of replication caused by an
upregulation of DNA repair pathways (Theodore et al, 2013). Additionally, the SOS
response was observed to regulate persister formation through the tisB-istR-1 TA system.
Activation of the SOS response was observed to activate the toxin TisB, which was
observed to increase persister-cell formation (Dorr et al, 2009), while tisB mutants
produced fewer persister cells. Interestingly, persistence was completely eliminated in
the mutants on treatment with fluoroquinolones that normally induce it. This could be
construed as evidence towards the SOS response being the only mechanism of persister
formation against fluoroquinolones, unlike in other modes of persister formation where
multiple redundant pathways mediate the process (Dorr et al, 2010). It was hypothesized
that TisB acts as an ion channel by inserting in the inner membrane (Unoson and Wagner,
2008) and forming anion-selective pores with a narrow diameter (Gurnev et al, 2012;
Steinbrecher et al, 2012). The resulting efflux across TisB is believed to destabilise the
proton-motive force across the cell membrane, thereby reducing the synthesis of ATP and
disrupting cellular metabolism. One possible explanation for the role of TisB was to

maintain the dormancy of the cells while DNA repair is carried out (Theodore et al, 2013).

2.3.3.4 Inactivation of the targets of antibiotics

Studying persister cells that are able to withstand aminoglycoside-exposure has unearthed
the role of ribosome hibernation in propagating it. Bacteria possess the property to
dimerise their ribosomes as a protective measure during conditions of stress. This leads
to the formation of 100S ribosomal particles that are deficient in mRNA and tRNA, and
are translationally quiescent (Wada et al, 1995; Kato et al, 2010). The 100S particles
immediately dissociate into 70S ribosomes by introduction into fresh medium and can

carry out translation (Wada et al, 1990; Wada, 1998). Aminoglycosides associate with
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the 30S ribosomal subunit and increase the rate of mismatches between codons in the
mRNA and their corresponding aminoacylated tRNAs. Amino acids are misincorporated
into the nascent peptide as a consequence and the resulting mistranslated proteins are
increasingly liable to misfolding. When the misfolding occurs in membrane proteins that
are then inserted into the cell envelope, an increase in the uptake of aminoglycosides has
been observed, thereby potentiating the toxicity of the antibiotics and causing cell death
(Kohanski et al, 2010). Hibernation promoting factor (HPF), responsible for bringing
about ribosome hibernation, was found to be vital to the formation of persister cells that
sustain exposure to aminoglycoside antibiotics in E. coli and L. monocytogenes (McKay
and Portnoy, 2015). The ribosome modulating factor (RMF), a protein associated with
the 100S dimers and essential for ribosome hibernation (Prossliner et al, 2018), was

observed to be overexpressed in stationary-phase persister cells of E. coli (Keren et al,

2004).

Fluoroquinolones are bactericidal antibiotics that affect DNA replication. The antibiotics
form a ternary complex by binding to DNA topoisomerases already bound to their DNA
substrate and immobilising the enzymes. This not only impairs replication and expression
of genes in the surrounding region, but also destabilizes the enzyme-DNA complexes,
which releases the unwound DNA and eventually results in the fragmentation of the
bacterial genome (Pohlhaus and Kreuzer, 2005). Accordingly, mechanisms that inhibit
DNA replication have been implicated in persistence. CspD — a protein structurally
similar to the cold shock proteins (Csp) — binds to single-stranded DNA in replication
forks and inhibits DNA replication (Uppal et al, 2014), and has been implicated in
persister cell formation (Kim and Wood, 2010). In addition, DNA replication was
observed to be inhibited by the activity of (p)ppGpp on DnaG, the enzyme responsible

for the synthesis of RNA primers and thereby initiation of replication (Wang et al., 2007).
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A shift in the carbon-source induced the formation of persisters in E. coli to withstand
exposure to fluoroquinolones in a (p)ppGpp-dependant manner. Higher levels of
(p)ppGpp activated DksA, which in turn repressed the activity of RNA polymerase. High
concentrations of (p)ppGpp also affected various downstream modulators that inhibited

DNA gyrase and reduced negative supercoiling in DNA (Amato et al, 2013).

2.3.3.5 Efflux

An examination of E. coli persisters revealed an increase in the expression of the efflux
pump TolC, and the cells exhibiting increased efflux activity to maintain a low
intracellular concentration of beta-lactam and fluoroquinolone antibiotics (Pu et al, 2016).
Evidence in its support was obtained by observations in E. coli and S. aureus where
introduction of specific metabolites along with aminoglycoside antibiotics led to the
clearance of persister cells (Allison et al, 2011). A hypothetical scheme was proposed to
explain this phenomenon where, upon uptake into the cytoplasm, specific metabolites
enter their respective metabolic pathways and lead to the production of NADH. Oxidation
of NADH by means of the electron transport chain generates a proton-motive force,
which is exploited to bring about influx of the aminoglycosides and act upon their cellular
targets, leading to eventual cell death. Efflux was also implicated as the major factor
bringing about persistence in Mycobacterium growing intracellularly in macrophages.
Administration of drugs that inhibit efflux activity greatly reduced the survival of

intracellular persisters to the antimycobacterial isoniazid (Adams et al, 2011).

2.3.3.6 The ROS response

Reactive oxygen species (ROS) are produced during the course of normal metabolism in
the bacterial cell and are functionally significant with regard to cell signalling and
maintaining homeostasis. They are essentially species of oxygen that are chemically

reactive, and include molecules such as hydrogen peroxide (H>0) as well as radicals
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such as superoxide (O2 "), and hydroxyl [OH ] radicals. An increase in the concentration

of ROS during conditions of environmental stress — exposure to antibiotics, heat,
ultraviolet (UV) radiation — is known to damage cellular components like proteins, lipids
and DNA, which in sufficiently high amounts result in cell death (Trastoy et al, 2021).
Bacteria possess mechanisms to dispense with ROS in the form of enzymes, such as
superoxide dismutase (SOD) or catalase, or antioxidants, like ascorbate or glutathione.
Oxidative stress is when the cellular mechanisms cannot keep pace with the generation
of ROS, resulting in accumulation of the latter at levels inhibitory to cellular metabolism

(Zhao & Drlica, 2014).

The mechanism of persistence induced by exposure to ROS is reliant on the phage-shock
protein (psp) genes as well as the OxyR and SoxRS systems. The psp genes — A, B, C,
D, E — were expressed at a higher level as were genes comprising the SoxRS and OxyR

regulons in the persisters formed by E. coli and S. Typhimurium (Vega et al, 2012, 2013).

Various studies have pointed to an inverse relationship between ROS and persistence.
Observations on the coexistence of a mixed culture of P. aeruginosa and A. baumannii
in a biofilm that P. aeruginosa produced pyocyanin, which induced the production of
ROS and consequently led to the formation of A. baumannii persisters. Persister cells
expressed a high level of catalase and superoxide dismutase, enzymes that detoxify ROS
(Bhargava et al, 2014). In contrast, Mycobacterium smegmatis cultures treated with
thiourea — a scavenger of hydroxyl radicals — survived exposure to a lethal dose of an
antibiotic and formed persisters. This indicated persister-cell formation in a ROS-
independent manner (Grant et al, 2012). Similarly, hydrogen sulphide (H>S) was also
observed to induce persistence by stimulating the synthesis of catalase and SOD (Shatalin

etal, 2011).
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2.4 Persistence and evolution

Persisters survive in stressful conditions by existing in a non-growing state, during which
the cells encounter multiple stresses that have the propensity to induce mutations. The
regrowth of such cells carrying mutations could result in antibiotic resistance (Gollan et al,

2019).

Persisters exhibit a significant degree of metabolic inactivity compared to the regularly-
dividing non-persister cells. Hence, the targets of antibiotics, which are components of the
metabolic processes, are scarce enough to not corrupt metabolism even if acted upon by
antibiotics (Lewis, 2010). However, certain observations have been obtained that are at
odds with the features attributed to most persisters. Certain persisters divide slowly, even
in presence of antibiotics, and their progeny appear to inherit this property (Balaban et al,
2004; Wakamoto et al, 2013; Goneau et al, 2014), which could possibly be a consequence

of epigenetic mechanisms combined with cellular stochasticity (Day, 2016).

E. coli populations exposed to consecutive rounds of antibiotic treatment produced
experienced an augmentation in persistence. The number of persister cells formed increased
after as little as 2-3 regimens of treatment with aminoglycosides. What is more, the
successive antibiotic treatment led to an accumulation of point mutations in various genes
previously unrelated to persistence (van den Bergh et al, 2016). In another experiment
carried out by Levin-Reisman et al (2017), E. coli cells grown in a rich medium were
intermittently exposed to ampicillin. They observed that accumulation of mutations that
increased persistence was frequently followed by an accumulation of mutations that
imparted resistance to ampicillin. Also, while cells required atleast two mutations to
develop resistance, persistence could be acquired by as little as a single mutation. In a recent
study carried out by Windels et al (2019) in E. coli, exposure to bactericidal antibiotics

killed all growing cells, with persisters as sole survivors. They also observed high-
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persistence populations to have an increased rate of mutation when exposed to low
concentrations of the antibiotics. These findings led them to speculate that persistence
could lead to the emergence of resistance in the bacterial culture. This observation has
translated into real-world scenarios, where strains exhibiting a high degree of persistence
have been isolated from cases of recurrent infections involving long-term treatment with
antibiotics. Cultures of E. coli, P. aeruginosa or S. aureus isolated from such cases exhibit
biphasic killing on treatment with bactericidal antibiotics (McNamara and Proctor, 2000;

Mulcahy et al, 2010; Gefen et al, 2017; Windels et al, 2019).

S. Typhimurium was observed to extensively form persister cells in mice, which survive
exposure to ceftriaxone or ciprofloxacin by residing intracellularly within the gut tissue.
The most striking of the observations was the ability of persisters to serve as a reservoir of
plasmids and transmit them to other cells. This ability was recapitulated when persisters
acted as plasmid-donors and transformed populations of E. coli present in the gut on being
seeded into nascent mice (Bakkeren et al, 2019). Taken together, these observations
highlight the role of persister cells in promoting horizontal gene transfer, and provide an
explanation for the presence of a large number of plasmids and mobile genetic elements
that promote resistance and virulence in bacteria causing gut infections (Bakkeren et al,

2020).

2.5 Persistence and Klebsiella

In 2017, the World Health Organisation (WHO) stated an urgency of the development of
new antimicrobial compounds to combat antimicrobial resistance against a number of
pathogenic bacteria. Among those mentioned, six species were grouped together and
accorded a priority status on the basis of the frequency of isolation in clinical cases as well
as the occurrence of antibiotic resistance. They were collectively referred to as ESKAPE

pathogens, and consisted of Enterococcus faecium, Staphylococcus aureus, Klebsiella
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pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter sp.

(de Oliveira et al, 2020).

Frequently present in the microflora of the intestines, mouth, skin, K. pneumoniae is known
to inhabit hospital settings too — especially medical devices. Nosocomial infections caused
by the bacteria affect the respiratory and urinary tracts as well as blood (Li et al, 2014). K.
pneumoniae typically cause opportunistic infections in individuals with a compromised
immune system or already suffering from another infection (as secondary infections). The
infections frequently develop a chronic nature owing to the formation of biofilms (Jagnow
and Clegg, 2003) and/or possession of resistance to multiple classes of antibiotics (Munoz-

Price et al, 2013).

The discovery of persister cell-formation on K. pneumoniae has severe implications on the
management of infections caused by the same. Ren et al (2015) were the first to report the
formation of persister cells in non-clinical as well as clinical isolates of K. pneumoniae.
Persisters were observed as being part of the pre-existing population of exponentially
growing cells. They could withstand exposure to various bactericidal antibiotics at
concentrations greater than their minimum inhibitory concentration (MIC) and yielded
biphasic time-kill curves. An interesting outcome of the study was the observation of an
increase in the number of surviving bacteria upon exposure to a gradually-increasing

concentration-gradient of an antibiotic.

Michiels and colleagues (2016) studied persister formation in ESKAPE pathogens,
including K. pneumoniae, against a background of aminoglycosides. Persisters were
present in stationary-phase cultures of K. pneumoniae, appearing as a biphasic curve when
measuring the cell death in amikacin as a function of time. On subjecting cultures to
repeated rounds of aminoglycoside exposure, the fraction of the cell-population making up

persisters was observed to gradually increase. This high-persistence phenotype was distinct
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from resistant cells since the cells exhibiting it did not register elevated MICs with respect
to the wild-type. Also, high-persistence populations could survive exposure to other
antibiotics significantly better than the wild-type, as evidenced during treatment with
amikacin, meropenem and colistin. These observations pointed towards periodic
administration of a high dose of antibiotics exerting a selective pressure that directs the

evolution of a higher degree of persistence in K. pneumoniae.

Li et al (2018) were the first to report the generation of persister cells by K. pneumoniae in
response to low doses of antibiotics that can then tolerate exposure to much higher
concentrations of the same antibiotics. Another key finding from their work was the
formation of type I persisters in response to entry into the stationary phase of growth,
evidenced by a marked increase in the number of persisters. They also noted a prevalence
of type II persisters in cultures during the lag and exponential phases of growth, typified

by constant levels of persisters during the time period.

As detailed above, the body of work dealing with persistence in K. pneumoniae is sparse
when seen in light of the understanding available on the subject for E. coli, P. aeruginosa,
S. aureus and even M. tuberculosis. While the importance of K. pneumoniae from a clinical
standpoint is unambivalent, the mechanistic aspects of persister cell formation within the
species remains unexplored as of yet. Understanding persistence in K. pneumoniae would
not only provide novel insights into comprehending its pathophysiology, but would also
help fill the gaps in the understanding of persistence as a whole, whose impact on
understanding and combating bacterial infections and antimicrobial resistance would be

invaluable.

The present study was designed with an aim to investigate the persister-cell formation in a
clinical isolate of K. pneumoniae, by characterising and deciphering the mechanistic

aspects of the same. To carry out the same, the following objectives were proposed:
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a) Detection and characterization of persister cell formation in K. pneumoniae

b) Elucidation of the genome and transcriptome of persister cells formed by K.

pneumoniae

c) Investigation of the role of various genes involved in persister-cell formation in K.

pneumoniae
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Materials and
Methods



3.1 Materials

3.1.1 Chemicals and antibiotics

The antibiotics used in the present study (Table 3.1.1) were available in powdered form and
stored at 4°C. For use, stock solutions of appropriate concentrations were prepared in
appropriate solvents and sterilised using a 0.22 pm syringe-filter (Jet Biofil, China). The
sterile stock-solutions were stored in 1.5 mL microcentrifuge tubes or 15 mL screw-capped
tubes at -20°C until required. Containers were covered in aluminium foil to prevent exposure

to light wherever required.

Table 3.1.1 Antibiotics used in the current study.

Concentration Make (Catalogue

Sr. No. Antibiotic Solvent (mg/mL) Number)
o Sigma-Aldrich, USA
1 Amikacin Water 10 (A2324-5G)
2 Cefepime Water 10 Lupin Ltd., India
3 Chloramphenicol /07 34 USB, USA (23660)
Ethanol ’
4 Kanamycin Water 50 USB, USA (17924)
sulphate
. Sigma-Aldrich, USA
5 Levofloxacin Water 10 (28266-10G-F)
Tetracycline 70%
6 hydrochloride Ethanol 10 USB, USA (22015)
Macleods
7 Meropenem Water 10 Pharmaceuticals Ltd.,
India

Dodeca Enterobacteriaceae-1 (DE053-1PK) and -1I (DE054-1PK) (HiMedia, India) discs
were used in this study. One dodeca disc contained twelve discs comprised of twelve
different antibiotics at unique potencies (Table 3.1.2). The two discs afforded the coverage

of 24 different antibiotics simultaneously.
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Table 3.1.2 Composition of Dodeca Enterobacteriaceae discs and their potencies

Antibiotic Symbol Potency (ug) Class
Amikacin AK 30
Aminoglycoside
Gentamicin GEN 10
Ciprofloxacin CIP 5
Gatifloxacin GAT 5
Fluoroquinolone
Levofloxacin LE 5
Ofloxacin OF 5
Cotrimoxazole COT 25 Sulfoqamlde -
Pyrimidine analog
Ampicillin AMP 10
B-lactam
Aztreonam AT 75
Imipenem IPM 10
B-lactam (Carbapenem)
Meropenem MRP 10
Cefepime CPM 30
Cefoperazone CPZ 75
Cefotaxime CTX 30
Cefoxitin CX 30
B-lactam (Cephalosporin)
Ceftazidime CAZ 30
Ceftizoxime CzX 30
Ceftriaxone CTR 30
Cefuroxime CXM 30
Amoxyclav AMC 30
Ampicillin/Sulbactam A/S 10/10
Ceftazidime/Clavulanic Acid ~ CAC 30/10 p-lactam + B-lactamase
inhibitor
Piperacillin/Tazobactam PIT 100/10
Ticaricillin/Clavulanic Acid  TCC 75/10
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The minimum inhibitory concentration (MIC) of antibiotics for bacterial isolates was
ascertained using Ezy MIC™ strips (HiMedia, India). Each strip contained an antibiotic
immobilised in a two-fold concentration gradient for the particular antibiotic. In addition,
specialised strips were used to phenotypically assay for the production of metallo-f3-
lactamases (MBL). The details pertaining to the strips used in this study are organised in

table 3.1.3.

Table 3.1.3 EzyMIC™ strips used to determine the response of antibiotics on the

bacterial isolates used in this study.

Sr. No. Antibiotic present Concentration gradient Make (Cat.No.)

HiMedia, India

1 Amikacin 0.016-256 pg/mL (EMO001-10ST)

. HiMedia, India

2 Levofloxacin 0.002 — 32 pg/mL (EM027-10ST)

HiMedia, India

3 Meropenem 0.002 - 32 pg/mL (EM080-10ST)
4 Imipenem 4- 256 pg/mL

HiMedia, India

. (EM078-10ST)
Imipenem + EDTA 1-64 ng/mL

i M 4-256 pg/mL
eropenem Hem HiMedia, India

(EM092-30ST)
Meropenem + EDTA 1 - 64 pg/mL
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3.1.2 Bacterial strains and plasmid constructs used

The present study was primarily carried out using clinical isolates of Klebsiella pneumoniae
that were acquired as pure cultures from a tertiary care centre in Bhubaneswar, Odisha,
India. The three isolates used in this study were named according to the nomenclature
scheme observed in the lab as KpIMS32, KpIMS34 and KpIMS38. In addition, type strains
of E. coli and K. pneumoniae viz. E. coli ATCC 25922 and K. pneumoniae ATCC 13883

were also used in the current study.

The present study utilised three different plasmid DNA vectors, the details of which are
presented in table 3.1.6. pRedET (Figure 3.1.1) was acquired as a component of the Quick
& Easy E. coli Gene Deletion Kit while pACBSR-Hyg (Figure 3.1.2), originally constructed
by Huang et al (2014), was procured from Addgene. A modified form of pGEX-6P-1
(pGEX-6P-1%; Figure 3.1.3), with the conventional ampicillin resistance gene replaced by a

kanamycin resistance gene, was synthesized by and procured from BiotechDesk.

Table 3.1.6 Plasmids used in the current study. tetR — tetracycline resistance, hyg —

hygromycin resistance, kan® — kanamycin resistance.

Name Size (bp) Selection marker Purpose Source

Express recombinase

pRedET 9270 tet® genes for lambda GeneBridges
recombineering
Express recombinase (Huang et al

pACBSR-Hyg 7660 hyg genes for lambda 2014) & ’
recombineering

pGEX-6P-1% 4933 kan® Inducible expression of BiotechDesk

a gene-of-interest

58



L G

%

tetR pBAD
7 gam
5
| beta
pRedET
,{ {9270 bp)
‘&.
iy
\
..;Q-
repA

pSC101 ori

vz

araBAD promoter

Shine-Dalgarno sequence

pACBSR-hyg
7660 bp

A tL3 terminator \ 7 A
AP

rmB T1 terminator

rmB T2 terminator
AmpR promoter

AmpR promoter




lac operator|

tac promote,

pGEX-6P-1
4933 bp

Kanamycin Resistance Gene

60



3.2 Protocols — Commercial Kits

3.2.1 Isolation of genomic DNA from a bacterial culture using the Gentra Puregene
Yeast/Bact Kit B

Genomic DNA was isolated from bacterial cultures according to the manufacturer’s
instructions. Five hundred pL of an overnight-grown bacterial culture in Luria-Bertani (LB)
Broth was harvested by centrifugation at 11,000 rpm for 30 s to obtain a cell pellet. The
pellet was resuspended in 300 pL of Cell Lysis Solution by gentle pipetting and incubated
at 80°C to allow cell lysis. The mixture was brought to room temperature and added 1.5 pL
of RNaseA solution. The contents were mixed by inverting the tube 25 times and incubated
at 37°C for 15 mins. The tube was incubated on ice for 1 min, added 100 pL Protein
Precipitation Solution and vortex-mixed vigorously for 20 s. The mixture was centrifuged

at 16,000 xg for 3 mins to gather the precipitated proteins into a tight pellet.

The supernatant thus obtained was collected in an empty 1.5 mL tube and added 300 pL
isopropanol. The contents were mixed by gentle inversion 50 times and centrifuged at
16,000 xg for 3 mins to precipitate the DNA in the form of an opalescent pellet. The
supernatant was discarded and the last drops drained out onto a clean adsorbent paper. The
tube was added 300 uL of 70% ethanol and inverted 15 times, allowing the pellet to be
washed. The ethanol was removed by centrifugation at 16,000 xg for 3 mins, the last drops
drained onto a clean adsorbent paper, and the tube allowed to air-dry till all traces of ethanol
had evaporated. The tube was added 100 uL of DNA Hydration Solution and incubated at
65°C for 1 h to dissolve the pellet. The tube was then incubated at 37°C overnight to allow

further dissolution of the DNA pellet.

The extracted genomic DNA sample was evaluated quantitively by measuring UV
absorption at 260 nm and 280 nm using a nanos