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Adaptation-to continuously changing habitat is one of the most important characteristics of microorganisms. A particularly effective form
of adaptation is called phenotypic plasticity. This ability allows bacteria with a stable genotype to create different phenotypes in response to
environmental changes. Such variability is not inheritable but is crucial for maintaining this specific bacterial population and, even more, for
developing resistanc

e to antibiotics. Studying the phenotypic plasticity, which underlies the resistance of microorganisms to traditional antibiotic therapy, is a
key area of the current antimicrobial technologies. In this review, phenotypic plasticity is considered to be a strategy of bacterial survival and
a mechanism for developing antibiotic resistance in dormant (resistant) cellular forms of bacteria. We suggest that studying the phenotypic
variants of bacteria (L-forms; viable but nonculturable bacteria; persister cells) will result in the development of novel effective antimicrobial

technologies.
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Introduction

Bacterial infections are among major causes
of morbidity and mortality. In almost all countries,
regardless of their economic development, we evidence
an increase in infectious diseases characterized by
latent, prolonged and chronic clinical forms [1, 2].
The incidence rates of infections associated with
opportunistic flora and with intra-hospital sources are
also on the rise. Often, the traditional antibiotic therapy
is powerless against the advancing drug resistance of
pathogens; the problem is defined by the WHO as one of
the most serious challenges of public health [3].

The development of new drugs or improvement of
existing antibiotics is becoming an increasingly long and
complicated process and, in some cases, economically
unaffordable. To find alternative antibacterial strategies,
a number of innovative approaches have been tried. One
of these pertains to the phenotypic plasticity of bacteria;
this quality of bacterial cells underlies their adaptation
potentials and their resistance to antibiotics.

Recent achievements of molecular biology and
genetics expanded the understanding of the adaptation,
regulation, forms of existence, and epidemiological role
of pathogenic bacteria in the infectious process [4-6].
The widespread and uncontrolled use of antibacterial

drugs over the past decades without considering the
specific response of microorganisms has led to the
decline of the antibiotic era and necessitate a search for
alternative therapeutic strategies able to overcome the
drug resistance of bacteria [3, 7].

Environmental conditions are constantly changing,
and in order to preserve viability and adaptability,
many bacteria have developed various mechanisms for
switching to a metabolically inactive state [1, 4, 5]. The
most studied type of cellular dormancy is sporulation,
which is characteristic of sporogenous bacteria [2].
However, in recent years, due to the progressive decline
in the efficacy of traditional antibiotics, sustainable
cellular forms of non-sporogenous bacteria have
attracted more and more research interest [1, 2, 4].

Among the main factors of antibiotic resistance and
the resulting spread of chronic infections, there is the
so-called non-genetic phenotypic heteromorphism,
i.e., the transformation into resistant (dormant) cell
forms that do not necessarily meet the generally
accepted taxonomic criteria. Such (morphologically
and physiologically) atypical cells exist in the state
of metabolic and reproductive dormancy, due to
which they are inaccessible to routine microbiological
diagnosis and insensitive to most antibacterial agents
[6, 8-10].
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According to the currently accepted views, a bacterial
population is defined as a variety of heteromorphic
microorganisms of a single species that freely develop in
a given ecosystem and that are capable of accumulating
its biomass with no limits [6, 11, 12]. These bacterial
communities can trigger the adaptation mechanisms to
resist a continuously changing habitat, which is reflected
in the phenotypical diversity of bacterial cell morphology
[9, 10].

Thanks to electron microscopy, it was possible
to establish the heterogeneity of the morphological
structure of homogeneous microbial populations, i.e., a
unified system of interconnected cell forms with different
ultrastructures and organizations that remain viable
under changing environmental conditions. As concluded
from numerous studies, bacterial cells continue to
permanently adapt thanks to their polymorphic plasticity
[5,9, 10, 13, 14].

A long-term study by one of us (Somova [15]) on
ultrastructural changes in bacteria and polymorphism

of periodic cultures of gram-negative Yersinia
pseudotuberculosis  and gram-positive Listeria
monocytogenes  suggests that the phenotypic

morphological transformation in bacteria is a universal
mechanism of adaptation to adverse environmental
factors. Based on the obtained results, we propose
to systematize ultrastructural changes of pathogenic
bacteria considering this biological concept.

A surge in scientific interest in dormant forms of
bacteria was triggered by the discovery of toxin-antitoxin
systems (TAS); those are thought to be a general
mechanism of genetic control over of the formation of
dormant bacteria [1, 2]. The increasing problem of drug-
resistant bacteria makes this type of research more and
more relevant [16-20].

In this review, we address the phenotypic plasticity as
a strategy for survival and for development of antibiotic
resistance in dormant (resistant) cellular forms of
bacteria.

Dormant (resistant) cell forms, the persistence
of bacteria

One of the main criteria of bacterial cell viability is the
coordinated reproduction of all cellular components and
structures during cultivation. The last century discovery
of anabiotic persistent forms of bacteria has expanded
the traditional understanding of prokaryotic survival
abilities [9, 10, 21, 22].

The de novo formation of resistant forms of bacteria
is a response to adverse factors including the exposure
to antibiotics. Biological expediency of these processes
can be explained by the need to preserve the population
of these microorganisms. According to recent data
[9, 10, 23], most chronic and intra-hospital infections,
autoimmune, lymphoproliferative  and  neoplastic
diseases are caused by atypical bacterial cells that
are resistant to traditional antibacterial agents and
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successfully evade attacks by the immune defense
system.

These dormant cell forms are characterized not only
by phenotypic heteromorphism but also by poor or zero
growth in regular nutrient media, which makes their
identification and bacteriological classification difficult.
For decades, these forms were found in microscopic
preparations, but most of them were ignored or
interpreted as artifacts [9, 13, 24, 25].

Phenotypic adaptation of bacteria caused by
adverse chemical-physical factors of the environment
is not limited only to morphological changes, but also
includes functional rearrangements in bacterial cells.
Subpopulations of atypical cells are characterized by
reduced growth rates and low metabolic activity; under
optimal conditions, though, they can rapidly restore
their original morphology and function (so-called, the
reversion process). Therefore, resistance to antibacterial
drugs in aberrant cellular forms is associated with
the formation of transient (phenotypic) resistance —
sensitivity to antibiotics is restored after the reversion [9,
13, 14, 24].

In this respect, a bacterial population can be
considered as a dynamic self-controlled, constantly
changing heteromorphic and polyfunctional multicellular
system, which has a high adaptive potential aimed at
preserving the species [9, 25, 26].

The widespread use of antibacterial drugs significantly
changed the clinical picture of some infections and even
distorted the results of microbiological analyses [26—
29]. These changes stimulated the research into the
role of metabolic changes and atypical morphological
characteristics of microorganisms in the pathogenesis
infectious diseases [24, 27, 29].

Manifestations of phenotypic morphological plasticity
in non-sporogenous microorganisms (described in
the XX century) included forms resistant to traditional
antibiotic therapy: L-forms (L-transformation, cell wall
deficient bacteria, CWD) [30], viable but nonculturable
bacteria (VBNC) [31], and persister cells [32], collectively
termed the “bacterial cell persistence” [33-35].

From the standpoint of currently available knowledge,
it is rather difficult to draw a line between the two
physiological states of bacteria — the cellular dormancy
of non-replicating bacteria and the cell persistence;
the second term has a broader meaning and includes
various physiological states of bacteria, one of which is
the unique biology of L-forms.

L-form (L-transformation) of bacteria. L-forms
(bacteria with a defect in the cell wall) have been known
to microbiologists for a long time. In the 1970-80s, this
morphological transformation of microorganisms was
actively studied all over the world. The current surge
of scientific interest in L-forms has been motivated by
the emergence of new methods of molecular genetic
research and also by the increasing global concern
about the worsening problem of bacterial drug resistance
[36-38].

CTM [ 2019 [ vol. 11 [ No.2 165



REVIEWS

In addition to determining the role of L-forms in the
etiology of protracted and chronic infections in humans
and animals, the current research efforts are aimed at
studying the mechanisms of their resistance. Special
attention is given to the L-bacteria circulating in the
blood and also to the potentially dangerous uncontrolled
colonization of morphologically atypical microbial cells
(including those emerged after prophylactic vaccination)
[39-43]. The very paradigm of the L-form existence calls
into question the validity of the current concepts and
some of the classical postulates of clinical microbiology
[39-41, 43].

One of these concepts is associated with the key
role of the cell wall (CW) in the bacteria life cycle and,
in particular, the role of CW in the binary division. The
existence of the outer membrane was the basis for the
traditional separation of bacteria into gram-positive
(two-layer) and gram-negative (three-layer) types. The
supporting component of the CW specific for bacterial
cells (except for Tenericutes and related mycoplasmas
that naturally lack CW) is the biopolymer layer. In gram-
positive bacteria, this layer is thicker; it consists of
peptidoglycan — a mesh of glycan threads and peptide
bridges [40, 44, 45].

In addition to actively participating in the division,
this elastic cellular structure determines the shape
of bacteria, ensuring the maintenance of intracellular
pressure. The peptidoglycan layer, which is part of
the bacterial CW, is a recognized target for B-lactam,
glycopeptide and lipopeptide antibiotics that block the
CW synthesis. In addition, fragments of the CW are
recognized by human immune receptors, causing a
powerful protective response of the body against the
infection [27, 38, 45, 46].

Under adverse conditions, many bacterial species
are able to turn into a state characterized by the loss of
the peptidoglycan layer and the absence (deficiency) of
the CW, called the L-form; this is considered an extreme
form of life and one of the bacteria survival tools [28, 39,
40]. Antibiotics (mostly, penicillin), antimicrobial factors
of the body (primarily, lysozyme), and other intrinsic
effectors (for example, enzymes, immunoglobulins, and
other immune factors) as well as some physicochemical
conditions (acids, alkalis, ultraviolet radiation) can act as
transforming factors [14, 27, 44, 45, 47].

The absence of CW allows the L-forms to avoid
the effects of (the recently discovered) endogenous
peptidoglycan recognition proteins (PGRP), which are
a family of four evolutionary-conservative antibacterial
effectors of the innate immune system [48].

The name “L-form” was proposed in 1935 by Emmy
Klieneberger-Nobel in honor of the Lister Institute of
Preventive Medicine, in which she was then studying
mycoplasmas [30]. During the study, she found that
the temporary loss of CW was a common strategy of
adaptation to adverse living conditions in most gram-
positive and gram-negative bacteria. Such a strategy
contributes to the preservation of the species; the
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obligate existence inside the host provides bacteria with
favorable osmotic conditions [36, 46, 49, 50].

Subsequently, the term “L-form” was used to
characterize a type of bacterial cells isolated from
humans, animals, and plants that lack a rigid CW and
have the ability to switch between two morphological
forms — classical and heteromorphic [14]. After the
discovery of L-forms, concepts similar in meaning were
adopted: e.g., L-phase (L-phase bacteria), L-variants,
L-organisms, the forms with a CW defect, CWD-forms
and others [1, 26, 51-54]. A wide variety of descriptions
and characteristics of these cellular forms and their
stages caused some terminological uncertainty [1, 5, 7].

Currently, the term CWD bacteria is the most
commonly used in the literature, covering spheroid,
protoplasts (incapable of division) and the L-forms
themselves (capable of indefinite division). At the same
time, phenotypic variants of bacteria with reversible
(unstable L-form) and irreversible (stable L-form)
changes in the CW organization are viewed as separate
categories [5, 14]. Irreversible changes are due to
genomic mutations.

The unique morphology of L-forms of bacteria, the
mechanisms of their formation and the etiopathogenetic
role in chronic infections have been objects of numerous
scientific studies for a long time [6, 8, 34].

Stable L-forms have become a useful model for
studying the proliferation of bacterial cells, the main
biological functions of membranes, and the ability of
CWD to cause chronic infections [8, 34]. Unstable
L-forms are actively used to study the molecular
mechanisms of their formation and the survival of
bacteria under physiological conditions [8, 34, 36, 49].

The main stages and types of morphological
transformation of L-forms and L-like forms in bacterial
populations are described in detail. Attempts have
been made to classify and systematize numerous
ultrastructural changes of these cells and their functional
features using the well-studied transformations of
CW-deficient microorganisms [21, 27, 28]. This
systematization is based primarily on morphological
indices (integrity of the cell membrane) and the ability of
CWD-forms to reproduce and reverse in special culture
conditions [4, 5, 14, 45].

L-forms of bacteria do not grow in regular nutrient
media, but they can be cultured in serum-rich
elective media containing CW inhibitors (antibiotics),
osmoprotectors (glucose, sodium chloride), and growth
stimulants (magnesium, zinc). They do not stain by
Gram, are not agglutinated with antisera and are not
lysed by phages [27, 28].

Bacteria with the ftraditional structure of cell walls
multiply by binary division mediated by the key
cytoskeletal proteins — MreB and FtsZ, which are
functional analogues of actin and tubulin, respectively
[14, 21, 28, 38, 55].

The proliferation of CWD bacteria occurs through a
different mechanism. It is known that a change in the
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environment causes their cytoplasmic membranes to
get transformed; this process is determined by the
qualitative and quantitative characteristics of the lipid
bilayer, specifically, by the amounts of unsaturated and

polyunsaturated fatty acids, as well as the
the acyl chains and their branching [56, 57

et al. [46] proposed that the high fluidity of cytoplasmic
in the L-form
reproduction process. Mutant bacterial cells with a low

membranes played a leading role

membrane fluidity, when in the L-transformed

increase in size but are incapable of entering the final
phase of proliferation (rupture of the membrane) needed

to generate daughter cells [14, 28, 46].

REVIEWS

Thus, using the currently accepted model of L-form
proliferation, one can trace the evolution of early forms
of cell life on Earth by reconstructing the primitive
mechanism of cell division up to the appearance of a
CW, nucleic acid encapsulation, and horizontal gene
transfer [36, 49].

Colonies of L-forms resulted from the proliferation
process are heteromorphic cell populations consisting
of large masses, filamentous and tubular structures,
elementary bodies and spherical cells of various sizes
with an uneven vacuolated cytoplasm and fragments of
the cytoplasmic membrane (Figure 1). In the process of
subsequent development, morphological transformation
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Figure 1. Formation and proliferation of bacterial L-forms

Formation of L-forms resulted from the loss of the peptidoglycan layer: (a) periodic culture (Y. pseudotuberculosis, strain H-2781),
phosphate-buffered saline, 37°C, L-form bacteria — spheroplasts; (b) periodic culture (Y. pseudotuberculosis, strain H-2781),
phosphate-buffered saline, 6-8°C, L-form bacteria — protoplasts; (a), (b) transmission electron microscopy by JEM-100 S (JEOL,
Japan). The three-layer cell wall (CW) of gram-negative and the bilayer CW of gram-positive bacteria lose the peptidoglycan

layer because of the transforming factor: (c) various
tubular structures, elementary bodies and spherical

structural elements of the L-form reproduction: large bodies, filamentary and
cells of different sizes with a rough and interrupted cytoplasmic membrane

and vacuolated cytoplasm. Authors’ depiction; photo by Somova
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of bacterial elements occurs, their virulence decreases,
energy requirements and metabolism slow down, thus
allowing them to survive inside the body and later restore
the original virulence during in vivo reversion [14, 28,
36, 46].

In recent years, increased attention has been paid
to the interaction between stable L-form bacteria and
blood phagocytes — immunocompetent cells capable
of capturing foreign particles, including bacteria and
viruses. Thus, a group from Bulgaria isolated CWD-forms
of Mycobacterium bovis from 141 samples of human
blood taken after preventive vaccination for tuberculosis
[39, 41, 43]. The polymorphism of these populations and
the staging of their transformation were found typical for
L-forms; accordingly, the authors concluded that CWD
cells were not only able to survive, but also to multiply in
human blood cells, where they stayed unidentified due
to their genomic and morphological transformations [40,
41, 43].

Since the discovery of L-forms of pathogens, evidence
has been obtained of the possibility of their long time
existence in the body and the etiological connection of
these forms with a wide range of infectious diseases [1,
8, 34, 58]. Most studies have focused on the role of CWD
bacteria in the development of persistent and recurrent
chronic infections of the urinary tract, cardiovascular and
central nervous systems, which are characterized by
alternating remissions and exacerbations (tuberculosis,
pyelonephritis, septic  endocarditis, scleroderma,
brucellosis) [2, 10, 14, 59]. Cases of idiopathic chronic
inflammatory, collagen-associated, lymphoproliferative,
nephro-urological (including interstitial nephritis and
prostatic neuralgia) and neoplastic diseases associated
with L-forms have been described [1, 8, 9, 39, 60].

Thus, Han et al. [61] showed that the causative
agent of sepsis and pneumonia — methicillin-resistant
Staphylococcus aureus — is able to convert to L-forms in
addition to its natural genotypic resistance to antibiotics.

The most frequent localizations of infectious
processes in the urinary organs have a physiological
basis. It is associated with tissue specifics of the kidney
medulla, in which juxtamedullary nephrons create the
high osmotic pressure necessary for the formation of
the final urine. This osmotic environment favors the
existence of antibiotic-resistant L-forms of bacteria
and the development of persistent and smoldering
infections. In addition, in patients with bacterial infections
of the bladder and kidneys, the urine osmolarity is
often abnormally high, especially if associated with
carbohydrate metabolism disorders [38, 46, 59].

The question of preserving the initial virulence in
bacteria at the L-transformed stage remains debatable.
However, even with a decrease in their virulence, CWD
forms can create a reservoir of pathogens hidden from
the immune system and resistant to antibiotics [13, 24].
Cells with a CW defect, in contrast to persister cells,
do not lose the ability to multiply and can restore their
virulence inside macrophages [39, 40].
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Despite the clinical importance of CWD cells and the
relevant long-time studies, little is currently known about
the molecular mechanisms involved in the existence
and survival of these morphologically aberrant forms
[28, 38]. Recent studies have shown that the L-forms of
L. monocytogenes are not only morphologically different
from the mother cells but also have reversible functional
changes at the genetic and molecular levels [58].

Kawai et al. [27] found that for the L-transformation
of Bacillus subtilis, two types of genetic mutations are
needed; those are able to prevent the damaging effects
of reactive oxygen species produced in bacterial cells
during the active life cycle. The authors concluded that
the formation of CW-deficient cells is limited by the
presence of free radicals and, therefore, antioxidants can
stimulate the phenotypic generation of L-forms in both
gram-positive and gram-negative bacteria. Mutation of
the ispA gene (type 2) stabilizes the structural elements
of the L-form proliferation and prevents their lysis.

Unlike other resistant bacterial forms, CWD bacteria
remain viable and can multiply in the presence of
antimicrobial agents. Upon stopping the treatment,
these cells can return to their original morphology
and restore their virulence, leading to a return of the
disease [8, 21, 38].

Because of their pleomorphism and high plasticity
of cells, CWD bacteria can penetrate and remain in
physiological niches that are inaccessible to the maternal
forms. Resistance of L-forms to traditional antibiotic
therapy, as well as their ability to restore the original
morphology and virulence, results in the development
of persistent and protracted infections, and substantially
complicates the treatment of the elderly or patients with
weakened immunity [5, 21, 38].

Thus, the existence of bacterial L-forms represents
a sophisticated mechanism of bacterial resistance to
antibiotics [22, 29]. Although this form of survival is
common to almost all known pathogenic bacteria, so far
we have got only a fragmentary picture of the interaction
between the L-forms and the human body.

Bacteria L-forms as an object of medical
technologies. Despite the long history of studying
the L-forms, their accidental detection in blood is most
often regarded as an artifact that has no diagnostic
value [62]. The lack of convincing etiological attribution
of bacteria L-forms to any group of infections is due to
the difficulties of cultivating and identifying these cellular
forms, which might be associated with their phenotypic
plasticity.

Among the urgent questions to be answered
is whether CWD bacterial cells can be part of the
normal blood microbiota. Of particular interest is
the understanding of biological significance of this
phenomenon, as well as the development of new
microbiological methods for isolating these nonculturable
forms from the blood.

In 2015, Markova et al. [40] proposed an innovative
method of multistage isolation of L-forms from human
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blood with subsequent morphological identification using
light microscopy (the “blind passage” method) [40].
Detection of microbial DNA and electron microscopy
visualization of L-cells suggests that they are (least to
say) frequent members of the blood microbiota [41].
Reports of long-term persistence of bacteria L-forms on
the surface or inside macrophages [63], erythrocytes
[42, 43], and platelets [64] laid the ground for the
hypotheses about their possible role as causative agents
of infectious diseases in humans [41, 65, 66].

These hypotheses have gained support from the
recently discovered existence of L-forms of Bacillus spp.
and Micrococcus spp. in the blood of healthy people and
their ability of vertical transmission through the placental
barrier [42].

Other stable forms of bacteria — persister cells and
viable but nonculturable microorganisms closely adjoin
the L-forms. These cellular forms are also formed in
response to adverse environmental conditions and
represent phenotypic variants of the bacterial adaptation
strategies.

Persister cells. The phenomenon of persistent
bacterial cells was discovered in the middle of the last
century by Hobby et al. [32], who reported the survival of
a small part of the S. aureus population after complete
sterilization of a bacterial culture with penicillin. Later,
this part of the bacterial population was named persister
cells (“inactive, non-dividing variants”) [67]. It was then
found that inhibiting the growth of S. aureus by lowering
the incubation temperature, removing nutrients or
adding boric acid increases the proportion of persister
cells [32, 68].

The phenomenon of bacterial persistence has been
studied in detail [1, 69-74]. Specifically, it is found that
persister cells usually make up only a small fraction of
the bacterial population. In wild-type E. coli strains, their
occurrence in plankton cultures amounts to no more than
one per million cells [72, 75, 76]. However, in biofilms —
complex multicellular bacterial communities that are
highly resistant to antibiotics and are responsible for
more than 80% of human infections — their presence
is significantly higher: up to one hundred bacteria per
million [72, 77, 78].

The mechanism of the transient antibiotic resistance
of persister cells is associated with the resting state of
their replication and metabolism [1, 67, 73, 74]. Most
antibiotics act by suppressing the vital processes in
metabolically active and growing cells; the more active
these processes, the more effective are the drugs. In this
respect, persistence is the occurrence of spontaneous
phenotypic variants in isogenic bacterial populations;
these variants are resistant to antibiotics [67, 75-78].

The presence of persistent cells in a bacterial culture
is biologically significant because these cells may cause
chronic and nosocomial infections, including those
associated with the causative agents of sapronoses
(purulent septic infections, pneumonia, intestinal
infections, tetanus, gas gangrene et al.) [74, 79, 80].

Phenotypic Plasticity as a Bacteria Resistance Strategy
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In the current literature, persister cells are defined as
resting and irregular subpopulations that are present in
a growing bacterial culture and are resistant to several
antibiotics, antiseptics, and disinfectants [29, 67, 77, 79,
81]. Their fundamental difference from antibiotic-resistant
mutant bacteria is that the persister cell population is not
capable of multiplication, and their tolerant phenotype is
preserved only at rest and is, therefore, not inherited [60,
76-78].

It would seem that the phenotypic antibiotic resistance
in persister cells is associated exclusively with the state
of metabolic and replicative dormancy. However, recent
studies have revealed some physiological heterogeneity
of persistent cells and varying degrees of their resistance
to antibiotics [68, 69, 72, 82]. In an experiment, selective
inhibition of bacterial replication leads to antibiotic
resistance only when it is accompanied by an active
cell response to stress [83]. Other reports [68, 73, 84]
indicate that suppression of the metabolic activity only
does not prevent the death of 99% of the bacterial
population treated with antibacterial agents.

In studies of Balaban et al. [60], Maisonneuve et
al. [85], and Van den Bergh et al. [86], a phenotypic
population of individual (up to 1%) persister cells
is present in most bacterial cultures that are in the
stationary phase of growth and in the absence of
antibiotics or stress. In the process of the vital activity,
vegetative (active) bacterial cells can form a persistent
phenotype and vice versa; the pace of these reversions
depends on the growth phases and environmental
conditions (Figure 2).

Therefore, the formation of persister cells is not
associated exclusively with the influence of antibacterial
agents. The presence of these cells protects the
population from death under sudden and massive
antibiotic therapy, which gives a competitive advantage
to microorganisms in the periodically changing habitat
[73, 83, 87, 88].

Bacteria reaction to various environmental stimuli is
mediated by genetically determined mechanisms that
convert external signals into changes in the intracellular
concentration of secondary inducers (CAMP, c-di-GMP,
and (p)ppGpp). These mediators play an important
role in maintaining cell viability, inter- and intra-cellular
communications, which allow bacteria not only to react
to environmental stressors but also to modulate their
virulence (e.g., adhesion, biofiim formation, etc.) and
ultimately — all stages of the infectious process [82, 89].

The key factors of bacterial stress-resistance are
the signaling intracellular nucleotides — (p)ppGpp:
guanosine tetraphosphate (ppGpp) and guanosine
pentaphosphate (pppGpp) [90-92]. These secondary
mediators have their intracellular concentrations
increased when exposed to environmental challenge;
in addition, they actively participate in the so-called
“strict response” [90, 93]. They are able to reprogram a
number of processes, including the expression of genes
involved in amino acid biosynthesis, bacterial virulence,
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preservation of cell viability and resistance to antibiotics,
and the formation of persister cells (by modulating the
activity of RNA polymerase, lysine decarboxylase,
primase, and others) [91, 92, 94]. In turn, the synthesis
and modulation of the intracellular (p)ppGpp nucleotide
concentration are controlled by the cytoplasmic
superfamily of RelA/SpotT enzymes, which are a
separate class of (p)ppGpp synthases that are sensitive
to amino acid deficiency [92, 95].

Over the decades of study, the understanding of the
physiological role of (p)ppGpp nucleotides has evolved
from the concept of “strict response” to the most important
signaling function — regulation of bacterial growth and
metabolic activity, as well as linkage to TAS genetic loci
[90, 92, 96]. These loci are crucial for the mechanism of
bacterial persistence. The next section provides more
details on the structure and function of TAS.

Persister cells and toxin-antitoxin systems. The
loci encoding for toxins—antitoxins pairs were first found
by Ogura and Hiraga in the mini-F-plasmid and then
described as important genetic elements maintaining the
plasmid stability in daughter cells [97].

The discovery of TAS in 2004 resulted from studies
on cell persistence; that was followed by a powerful
increase in the research into these unique protein
structures. It turns out that TAS contribute, to a large
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extent, into the resistance of persister cells to antibiotics
[16, 19].

These genetic modules usually contain two genes
encoding for the stable toxin and the unstable antitoxin;
the latter is sensitive to degradation by cellular
proteases. It has been found that TAS are actively
involved in the formation of biofiims, as well as in the
development of multidrug resistance and virulence in
pathogenic bacteria [17, 20, 98].

Under normal conditions, the toxin and antitoxin are
bound to each other, thus forming a non-toxic complex
[18, 99, 100, 101]. Under stress caused by adverse
environmental conditions, antitoxins are degraded
either by ATP-dependent Lon protease [100] or by the
serine bacterial protease systems ClpXP [19, 100, 102]
and CIpAP [99, 100, 103]. The released toxin causes
a sharp decrease in translation, replication and cell
growth, thus dramatically increasing the resistance to
antibiotics. Studies have shown that TAS modules are
widely distributed among bacterial chromosomes. There
are six types of TAC modules (I-VI) that differ in the
genetic organization, the nature of the antitoxin and the
mechanism of its interaction with the toxin [98, 103].

In all types of TAS, toxins are proteins, whereas
antitoxins can be RNA molecules (types | and lll)
or peptides (types Il, IV=VI). The most studied are
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modules of types | and Il. TAS type | toxins are
small hydrophobic peptides that inhibit the electrical
membrane potential and stop the bacterial cell growth.
Antitoxin inhibits the activity of the toxin protein by
binding mRNA[17, 19, 98, 104].

Type Il TAS modules are the most common. Toxins
of this type suppress cell replication by inhibiting the
activity of DNA gyrase (DNA topoisomerase Il). Yet most
of them act as inhibitors of translation using their own
endoribonuclease (catalyzing the degradation of RNA)
or inactivating glutamyl-tRNA-synthase (GItX) [19, 98,
105]. Antitoxins of this type — proteins — block the toxin
by direct binding [105].

The leading role of TAS type Il in the formation of the
persistence phenomenon is evidenced by the fact that
the first discovered gene of bacterial resistance hipA [18]
encodes for toxin of the same name in the hipBA gene
locus of TAS type Il [106]. In addition, in persister cells of
model wild E. coli strains, overexpression of some type |l
toxins was detected in the relE genes (the relBE genetic
locus), mazF (mazEF locus), dind (dind-yafQ locus), and
mqsR (mgsQR locus) [19, 20, 107].

In the same models, a similar overexpression of TAS
type | toxins — tisB (tisB-istR locus) and hokB (hokB-
SokB locus) was detected under antibiotic therapy;
this overexpression is associated with high levels of
(p)ppGpp, which causes depolarization of the cell
membrane, a sharp decrease in metabolic activity, and
the formation of stable persister cells [19, 92, 105, 108].

In a microbial cell, toxins suppress key cellular
processes, such as DNA replication and protein
synthesis. This inhibition leads to an instant growth
arrest, a sharp decrease in the metabolic activity, and the
formation of partial or complete resistance to antibiotics
[16, 20, 102]. For example, release of the RelE toxin
from the RelE-RelB module leads to a 10,000-fold
increase in resistance to vancomycin [101], that of the
YafQ toxin — to a 2400-fold increase in resistance to
cefazolin and tobramycin [103], and that the TisB toxin

confers resistance to ampicillin, ciprofloxacin, and
streptomycin [10, 98].
Persister cells as an object of medical

technologies. The reduced efficacy of current
antimicrobial agents requires studying the nature of
multidrug-resistance in microorganisms. We also need
to intensify the development of new antimicrobial agents
targeting fundamentally different intracellular targets [64,
108, 109]. Among other areas, studying the role of (p)
ppGpp and TAS in the development of resistant cellular
forms is especially important [91, 95, 110].

Selective inhibition of the (p)ppGpp synthesis is
crucial for the formation of cellular persistence. In
recent studies, Beljantseva et al. [93] and Syal et al.
[94] showed the possibility of blocking the (p)ppGpp
production by suppressing the RelA/SpoT activity with
non-biogenic inhibitors of the (p)ppGpp synthesis. Thus,
using the synthetic compound Relacin (first proposed
for this purpose in 2012 [111]), it was possible to

Phenotypic Plasticity as a Bacteria Resistance Strategy

REVIEWS

modulate the metabolic activity and drug resistance in
mycobacteria [94].

In the recent decade, the possibility of using TAS
as cellular targets for antimicrobials has been studied.
A number of innovative strategies have been proposed
[17, 20, 107]. One of them suggested the destruction of
the TAS complex with the subsequent activation of the
released toxin or the inhibition of the TAS formation. This
can be achieved by adding biomolecules to bind the
antitoxin [16, 17, 92, 110]. Another strategy is about the
activation of cellular proteolytic enzymes (hydrolases)
that cause the labile protein-antitoxin TAS complex to
degrade by cleaving the peptide bond, resulting in the
release of the toxin [16, 92]. An additional idea proposes
a direct activation of the released toxin following the
inhibition of transcription in the promoter of the TAS
operon [17, 110]. The short-lived antitoxin left without
replenishment degrades, and the free toxin attacks
the respective targets in the bacterial cell. These three
strategies imply using the TAS type Il modules, which
are commonly found in bacteria [98, 102, 104].

Finally, pharmacological inhibition of antitoxin
translation is possible [95, 103, 105]. Antisense RNA
complementary binds to the antitoxin mRNA, and thus
inhibits the translation of antitoxin and the release of
toxin. This approach can be applied to all types of TAS
modules.

In summary, the above strategies are based on the
release of free toxin, which then attacks the intracellular
targets in a bacterial cell and ultimately causes its
death.

It would seem that compounds containing this toxin
are real candidates for the role of therapeutic agents
active against multi-drug resistance bacteria. However,
clinical trials of several biomolecular agents have
revealed serious obstacles in the way to their practical
use: the lack of oral dosage formulations and high costs
of the drugs [95, 111]. In addition, questions remain
about the targeted delivery of the toxins to the locations
of pathogenic bacteria in the human body without having
adverse effects on eukaryotic cells and normal human
microbiota [92, 98, 111].

Another, more complex strategy proposes to treat the
pathogens with bacteriophages that contain recombinant
nucleic acids, including the gene encoding for the
biosynthesis of toxin. There, RNA or DNA is integrated
into the lysogenic cycle of the genome in a pathogenic
bacterium; the recombinant toxins are released and Kkill
the bacterial cell [106]. To date, recombinant nucleic
acids with different genes encoding for the synthesis
of toxins from many well-known TAS modules have
been obtained. However, the use of bacteriophages
is still limited due to their high specificity for certain
microorganisms [106, 110, 112].

There is a concern that the artificial activation of toxins
may stimulate the formation of persistent or dormant
cells and thus lead to chronic infection. In this regard,
another strategy under consideration proposes to “wake
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up” a persistent bacterial cell and make it sensitive to
antibiotics [20, 109, 113].

Considering the absence of TAS genetic modules
in mammals, including humans, new technologies
can be aimed at creating effective and highly
specific biochemical modulators of the toxin-antitoxin
interactions. One possible reason for the previous
failures of these antimicrobial strategies is the high
presence of TAS in the genome of normal microbiota
that exists in symbiosis with the human body. This
necessitates the development of drugs aimed at several
microbial systems, including probiotic cells.

Another problem with this therapeutic strategy is that it
is not enough to simply activate toxins; their activity must
be later blocked by other drugs [108, 112]. Nevertheless,
the extensive basic research on TAS in pathogenic
bacteria is expected to provide valuable information for
the creation of new alternative antibacterials.

Thus, most recent developments are aimed primarily
at overcoming the antibiotic resistance of dormant forms
of bacteria. The problem of drug resistance is also
associated with another form of cellular persistence —
viable but nonculturable cells (VBNC).

Viable but unculturable cells. For accurate
determination of bacteria counts and viability, the
culture method — one of the basic research tools in
microbiology — is used [1, 2]. In 1982, Xu et al. [31]
found that under unfavorable conditions, Escherichia
coli and Vibrio cholerae can enter a special physiological
state; the authors named that “viable but nonculturable
cells”.

Further studies [113-116] have shown that VBNC,
when exposed to adverse environmental factors
(starvation, hypoxia, hydrothermal changes, increased
salinity, antimicrobial agents, disinfectants), are
characterized by a transient loss of the ability to form
colonies on solid nutrient media. At the same time, many
species of bacteria retain their proliferative potential and
can reverse from the VBNC state to the culturable state
after the stress factor is removed and the cells have
been preactivated in a liquid medium [114, 115-118].

Recent studies [119] confirm the hypothesis proposed
at the end of the XX century that the VBNC state
represents another adaptation strategy of survival of
non-sporogenous bacteria in suboptimal environmental
conditions [120, 121]. In the literature, these resistant
cellular forms are mentioned under various alternative
names: nonculturable cells [114, 116, 122], conditionally
viable environmental cells (CVEC) [1, 120], active but
nonculturable cells (ABNC) [1], and dormant cells [1, 2,
123].

Unlike vegetative forms of bacteria, VBNC cells
lose their ability to grow and form colonies on nutrient
media, while maintaining the signs of viability: intact cell
membrane, intact genome, continued gene transcription
and mRNA production, preserved plasmids, metabolic
activity, nutrient intake, and respiration driven by energy
requirements [119, 123, 124].
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Despite the fact that bacteria in the VBNC state
possess a number of characteristics identical with their
cultured precursors, their physiological and molecular
properties differ significantly. This is due to the changes
in cell morphology: the size (it is decreased and the
surface/volume ratio changed) and shape (in the
majority of VBNC bacteria, coccoid variants prevail)
[118, 122]. In addition, VBNC contain a different amount
of proteins, fatty acids, and peptidoglycans in the CW.
Specifically, these cells have a different expression
of outer membrane proteins, a significant increase in
unsaturated fatty acids, and a different proportion of
hexadecanoic, hexadecenoic and octadecanoic acids.
These changes are aimed at increasing the ability of
bacteria in this nonculturable state to resist external
mechanical damage [114, 121, 123].

Bacterial VBNC have a lower level of metabolism
and reduced activity of macromolecular synthesis
compared with their culturable precursors, especially
those in the exponential growth phase [115, 117]. In
VBNC, the energy is mainly provided by the metabolism
of branched-chain amino acids [123, 124]. Compared
to culturable cells, VBNC have greater physical and
chemical resistance (to high temperature, ultrasound,
pH, salinity, ethanol, chlorine-containing drugs, heavy
metals, oxidative and osmotic stress), and also
increased resistance to antibiotics [115, 116, 118, 125].

In addition, VBNC have a slower rate of adhesion
(and, accordingly, biofilm formation) and reduced
expression of virulence genes compared with their
culturable analogues, while maintaining the potential
ability to cause severe infections after rapid reversion
to the vegetative state [117, 119, 121, 126]. Therefore,
negative results of routine bacteriological tests may
conceal a possible threat of subsequent infection [119,
127].

For a long time, the mechanism of VBNC formation
in a population of bacterial cells was explained in most
reports [116, 120, 128] by the stochastic variability of
their phenotypes determined by genes (first of all, by
the expression of the rpoS gene encoding for the RpoS
protein, one of the main factors of stress resistance
associated with the signaling (p)ppGpp molecule). Other
theories implicated the environment and the “random
noise” inevitably present at all levels of biological
organization starting from the molecular level.

Attitudes toward nonculturable variants of bacteria
changed with the accumulation of experimental results.
Some authors considered VBNC as degenerative
forms that precede the death of bacteria and do not
cause infections, even though they retain some virulent
potential [114, 123]. Later, the clinical significance
of nonculturable forms was confirmed by numerous
studies [113, 117, 127-129]. Over the past decades,
nonculturable cells were found in over 100 species of
bacteria from 40 genera; of those, more than 60 species
were pathogenic or opportunistic for humans and
animals [119, 121, 124, 130].
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Among the bacteria confirmed as having VBNC
forms, causative agents of sapronoses — plague,
pseudotuberculosis, intestinal yersiniosis, listeriosis,
cholera, tularemia, and legionellosis — were found.
It was documented that VBNC made it possible to
preserve these pathogenic bacteria in the environment
during the inter-epidemic period (saprophytic phase)
thus maintaining the center of a subsequent epidemic
recurrence. While in the nonculturable state, causative
agents cannot initiate an infectious process. However,
after the ingestion into a human or animal body (during
the parasitic phase), their virulence is restored, which
leads to sporadic or epidemic infections, including
nosocomial and foodborne diseases (Figure 3) [114,
121, 125].

To date, a lot of convincing evidence indicates that
VBNC, like persister cells represent survival strategies
for bacteria under adverse growth conditions. Numerous
data have been accumulated on the biochemical,
morphological, and functional similarity between the
phenomena of persisting cells and VBNC bacteria (for
more details, see [119, 122, 125]).

Based on the similarity of the occurrence,
morphological features and genetic mechanisms of
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these stable forms, some authors [114, 116, 127] put an
equal sign between them, considering the differences
between the persisters and VBNC artificial and not
having a fundamental significance. Based on a common
genetic mechanism, Ayrapetyan et al. [131] combined
these physiological states of bacteria into a ‘“rest
continuum” model, whereas Kim et al. [132] showed that
VBNC and persister cells are identical in bacteria under
stress.

However, most studies indicate a difference that has
been repeatedly confirmed experimentally. It is about
the inability of VBNC to quickly restore their growth
after the cessation of the stress conditions; the full
restoration does not occur until after 24 h. In contrast,
upon the completion of antibiotic therapy, persisting
cells restore the growth on solid media much faster.
This is especially true for cells that were in a state of
exponential growth before the onset of persistence;
in these cells, the reversion begins within 1-2 h after
antibiotic therapy has been stopped (see Figure 2 (e))
[88, 132, 133].

In addition, in contrast to a subpopulation of persister
cells with their phenotypic resistance to antibiotics,
bacteria in the VBNC state show an additional resistance
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to a variety of chemical and physical factors, including
a wide range of antimicrobial agents and disinfectants,
which makes them highly significant as agents of intra-
hospital infections. With the morphological similarity
between these states, the time of the post-stress growth
onset is the main pathognomonic sign, which allows one
to distinguish between VBNC and persister cells [89, 91,
132, 134].

At the same time, some authors believe [135] that a
small number of persister cells is a prerequisite for the
accumulation of VBNC cells and that these persisting
cells represent a transitional stage before being fully
transformed into VBNC.

Viable but nonculturable cells as an object
of medical technologies. The recent data on the
formation of nonculturable bacteria have increased
scientific and practical interest in VBNC. Specifically,
more research into the phenomenon of bacterial
persistence is under way.

The current technologies aim at the improvement of
microbiological detection and morphological identification
of VBNC forms in bacteria, as well as the conditions and
methods for their re-cultivation (“reanimation”) and the
tools for inhibiting the formation of these dormant forms
[128-130, 131-133, 135-138].

As mentioned above, pathogenic bacteria in the
VBNC state do not grow in regular diagnostic media.
In the form of VBNC, most microbial species cannot
be cultivated using traditional methods, and therefore
remain unidentified in clinical samples. Identification
of these forms is based on comparing the number
of viable cells with the number of cultured cells in
the sample. As a rule, this is done by the usual cell
counting method. If the number of cultured cells
decreases and the number of viable bacteria remains
high, it is concluded that the sample contains VBNC
forms [121, 124, 126, 134].

The second important step for identifying VBNC
bacteria is the measurement of their viability.
Radioisotope methods of cell analysis based on the
incorporation of radioactive precursors into bacterial
metabolism (the D. Kennel method), evaluation
of the proteolytic activity and acid formation [1, 2],
cytochemical assays with tetrazolium salts for assessing
the generation of ATP and electron transport systems
remain relevant until now [1, 121, 124].

However, in the XXI century, the identification of
dormant cell forms is preferably based on intravital
imaging and supravital staining that have been designed
for microbiological studies. The Life Technologies and
LIVE/DEAD BacLight Bacterial Viability Kit systems
(ThermoFisher Scientific, USA) containing fluorescent
markers have become common tools for studying the
metabolism and viability of bacteria; these methods are
able to probe the integrity of the cell membrane [130,
136, 137]. The differential staining method is based on
the supravital detection of vegetative and dormant cell
forms, as well as dead bacteria, and can be used for
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direct fluorescence microscopy, fluorescent microplate
readings and flow cytometry [132, 138].

In case the microbiological analysis produces
negative results, the presence of VBNC can be tested
using molecular genetic test systems [136, 137] or
matrix-activated laser desorption-ionization time-of-flight
mass spectrometry (MALDI-ToF/MS) [138, 139].

By applying these methods, Ayrapetyan et al.
[129, 131, 133] showed that in 14-27% of infections,
pathogens in the form of VBNC remained undetected
by traditional microbiological tests, and their presence
was revealed only by PCR. A quantitative increase in
the subpopulation of nonculturable forms in biofilms was
reported; that also emphasizes the role of innovative
methods in the detection of human bacterial infections
(see Figure 3) [94, 95, 104, 140, 141].

Understanding the VBNC induction and reversion
is crucial for controlling the formation and resuscitation
of nonculturable bacterial cells. Liu et al. [142] found
that chlorinated tap water induced the formation of
VBNC in 90% of Escherichia coli O157:H7 within
15 min. For comparison, in river water the formation
of VBNC occurred within 14 weeks and only in 14% of
E. coli. Similar induction efficiencies were found under
starvation combined with low osmotic pressure, whereas
starvation alone did not induce the formation of VBNC for
at least 1.5 years of observation. In 10-month-old VBNC
induced by chlorinated water, viability and restoration
by Al-2 autoinducers from E. coli O157:H7 was found
in a serum-supplemented medium. Further studies
have shown that methionine, glutamine, threonine,
serine, and asparagine, as well as pyruvate (glutamate)
[142], Tween 20 or catalase [143] contribute to prompt
reversion of E. coli.

A breakthrough in studying VBNC-bacteria was the
discovery in a culture medium of Micrococcus luteus
of a factor that helped restore viability of dormant
microorganisms (resuscitation promoting factor, Rpf).
This factor represents a family of thermolabile proteins
with a molecular mass of 16-19 kDa and a high
muralytic activity; in picomolar concentrations, Rpf can
induce the division and growth of VBNC by remodeling
their cell walls (peptidoglycan hydrolysis) [144—146].

In the medicine of today, the relevance of using
Rpf proteins is associated with the transition of
a latent chronic form of tuberculosis infection to
active tuberculosis. Therefore, inhibiting the factor
essential for the  Mycobacterium  tuberculosis
resuscitation (for example, by specific antibodies or
nitrophenylthiocyanate compounds) is an attractive
strategy to combat the reactivation of latent tuberculosis
[147, 148].

Conclusion

Several decades have passed since the discovery
of bacterial persistence in non-sporogenous bacteria.
During that time, significant progress has been made
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toward the understanding of the nature, biological role
and mechanisms of formation of dormant cell forms.

In nature, many microorganisms live in variable
conditions and experience the impact of suboptimal
environmental factors. Phenotypic plasticity of bacteria
associated with the resting state is characterized by
low metabolic and reproductive activity. It is a common
and sometimes prevailing response of bacteria to
environmental stresses. At the same time, the transient
formation of dormant forms in non-sporogenous bacteria
is an important tool for maintaining their viability and
virulence, resistance to antimicrobial drugs and the
ability to cause chronic infections in the host organism.

The above mentioned area of research is not only
of fundamental importance but also opens up broad
prospects for the development of novel antimicrobial
technologies. The high occurrence rate of multidrug
resistance in pathogenic bacteria is a major incentive of
such kind of research.

The development of innovative technologies based
on the accumulated knowledge will help identify and
classify the dormant forms of bacteria and create
effective therapeutic strategies against latent chronic
infections. In addition, phenotypic plasticity of bacteria
allows scientists to study the intercellular interaction
between microorganisms that maintains the diversity,
structure, and function of microbial communities in
natural ecosystems and biocenoses.
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